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I. 	Introduction  
Since Kingery's (Ref. 1) literature review in 1950, the amount of 
published information on phosphate bonding has been greatly expanded. 
Chvatal's 1975 review (Ref. 2), which concentrated primarily on the 1965 
to 1975 literature, contained 222 references. Most of the effort repre-
sented by these publications has been devoted towards empirically inves-
tigating phosphate bonding materials and development of useful refractory 
products. 
The effect of variables, such as temperature, soaking time, particle 
size, concentration of bonding agent and source of raw materials on the 
form, and relative abundance of the reaction products present in a number 
of phosphate bonded systems, have been investigated. However, there is 
still little fundamental physiochemical information about phosphate bond-
ing in the literature. This is not surprising when the complexity of the 
multistep reactions, the difficulty in differentiation between the many 
possible reaction products and the fine grain sized polycrystalline nature 
of materials being bonded are taken into consideration. 
Thus, it appears that fundamental investigations on phosphate bonding 
should be performed on simple model systems. This study involves the use of 
single crystals to accomplish this goal. The major portion of this inves-
tigation will be carried out using single crystals of materials (i.e ' . 
alumina, quartz, magnesia, magnesium aluminate spinel and stabilized 
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zirconia) and phosphate binding agents (i.e. orthophosphoric acid, mixtures 
of chromic and orthophosphoric acid, monoaluminum phosphate and sodium 
phosphate glasses) commonly incorporated in phosphate bonded refractories. 
However, materials, such as fused silica and single crystals of materials 
not normally used in refractories, such as magnesium fluoride and silicon 
metal, will also be utilized. 
The reaction of phosphate bonding agents with different crystallogra-
phic faces of single crystals will be studied after various heat treatments. 
The effect of interatomic spacing and atomic planar density of the material 
being bonded will be investigated by rejoining single crystals, cleaved or 
cut along low order planes, such as 100, 110, or 111, with various phos-
phate bonding agents. 
The effect of interfacial crystallographic misorientations (tilt, 
twist and combinations of both) on the strength of phosphate bonds will be 
investigated using phosphate bonded bicrystals. It is anticipated that 
there is a relationship between the strength of phosphate bonding and the 
degree of mismatch between the bonded faces. 
An attempt will be made to evaluate the effect of the atomic structure 
of the material being bonded on the strength of the resulting phosphate 
bond formation. The role of the anion in phosphate bonding will also be 
investigated. 
II. Status of Investigation  
A. Single Crystal and Raw Material Procurement 
Single crystals of alumina, magnesia, magnesium aluminate and 
quartz are on hand. Fused silica rods, phosphoric acid, chromic acid, 
sodium dihydrogen phosphate and one long chain phosphate glass have also 
been delivered. Some of the required diamond saw blades have also been 
received. It is expected that most of the needed single crystals, diamond 
saw blades and chemicals will be delivered during the second quarter. 
B. Single Crystal Orientation 
Many of the experiments to be carried out during this investiga-
tion require the orientation of single crystals. The orientation of single 
crystals involves two basic tasks. First, an unknown orientation must be 
determined and the crystal must then be rotated to the desired orientation. 
Preuss (Ref. 3) has developed two Fortran IV computer programs designed 
to reduce the time required to accomplish single crystal orientations, using 
the conventional Laue back reflection method (Ref. 4). The unknown orientation 
is first determined using a program called PLOMAC (Ref. 5). A second program 
named COL (Ref. 6) is then used to plot the back reflection Laue pattern 
for the desired orientation. 	These two programs then allow the amount 
of rotation required to translate the crystal to the desired orientation 
(Ref. 7) to be calculated. 	Crystals of alumina, magnesia and quartz 
have been successfully oriented using CuK a radiation. Optimum conditions 
for producing back reflection Laue patterns using 3000 speed Type 57 Po-
laroid film have been determined: 35 kV, 20 ma and 10-20 minute exposure 
times. 
C. Formation of Bicrystals 
Preliminary attempts to form alumina, magnesia and quartz bicrys-
tals by phosphate bonding have been successful. Bicrystals have been pro-
duced using both phosphoric acid and sodium dihydrogen phosphate as the 
bonding agent. Samples cured at 1093 ° C for four hours were strong enough 
to be easily handled except for the quartz ones which broke during the P. 
to a inversion at 570 ° C. During these preliminary experiments, neither 
bond thickness nor crystal orientation was controlled. 
D. Reaction of Phosphate Bonding Agents with Different Crystallographic 
Faces of Single Crystals 
A drop of phosphoric acid (61 w/o P205) or a 1:1 mixture of phOs-
phoric acid (61 w/o P205) and chromic acid (61 w/o Cr03) was placed on 
lapped surfaces of alumina, fused silica and quartz specimens. The alumina 
and quartz specimens were single crystals. The acid solutions were placed 
on the (0001) face of the quartz crystals. The orientation of the alumina 
crystals was not determined, but was perpendicular to the surface of an as 
grown rod. 
The acid solutions were dried at about 80 °C for at least six hours and 
then fired at 370, 815 or 1093 °C. After cooling, a diamond saw cut was made 
about two-thirds of the way through the sample in the face opposite from the 
one on which the reaction had taken place. The reaction face was then frac-
tured by gently tapping a wedge placed in the cut. The fractured samples 
were then mounted on SEM stubs and sputtered with gold. 
The alumina, fused silica and quartz samples reacted with phosphoric 
acid at 815 ° C and the alumina crystal reacted with the chromic-phosphoric 
acid mixture at 815 ° C were examined with an SEM. The surface of the alumina-
phosphoric acid reaction area was made up primarily of dendrites, which ap-
peared to be crystalline. Below the dendrites, there was a layer that 
contained a small amount of porosity and may have been amorphous. Beneath 
this layer, there may be a very thin layer of crystalline material. However, 
the structure observed could also have been the result of the acid roughen-
ing the surface of the alumina crystal. In some places, a crack between 
the amorphous layer and the alumina or between the thin crystalline layer 
and the amorphous layer was observed. 
The reaction products formed when the acid mixture was reacted with an 
alumina crystal were friable and appeared to be very porous. The SEM showed 
the top surface of these reaction products to consist of many small needle-
like crystals. It also appeared that some of the reaction layer was either 
broken off or crushed during the cutting and mounting procedures. Below 
this surface, a very porous amorphous appearing layer was present. This 
layer appeared to be tightly adherent to the surface of the alumina crystal. 
The top surface of the phosphoric acid-quartz reaction products appeared 
to be composed primarily of plate-like crystals. The material below this 
surface was granular in nature and appeared to be tightly bonded to the sur-
face of-the quartz. The surface of the phosphoric acid-fused silica reaction 
products was composed of amorphous looking spheres and plate-like crystals 
that appeared to have grown out of the spheres. Below the surface, the coat-
ing was made up of the amorphous spheres with voids between the spheres. Some 
cracks developed in the quartz crystal when it was cooled through the 8 to a 
transition. The fused silica surface appeared to have been attacked much 
more severely than either the quartz or the alumina crystals. In one of 
these attacked areas, small plate-like crystals were observed. The limited 
observations described above appear to indicate that the observation of frac-
tured surfaces instead of polished surfaces (Ref. 8) may give a better under-
standing of phosphoric acid-oxide reaction phases and morphologies. 
III. Future Work  
During the second quarter, the work on the reaction of phosphate bonding 
agents with different crystallographic faces of single crystals will be con-
tinued. X-ray and electron diffraction investigations will be made in an 
attempt to identify the crystalline appearing morphologies that are observed. 
The effect of interatomic spacing and atomic planar density of the ma-
terials being phosphate bonded will also be investigated. Single crystals 
of materials, such as alumina, magnesia and quartz, will be cleaved or cut 
along low order planes, such as 100, 110 or 111, and then rejoined with 
various phosphate bonding agents to form bicrystals. The strength and 
morphology of these bonds will be determined. 
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I. 	Introduction  
Since Kingery's (Ref. 1) literature review in 1950, the amount of 
published information on phosphate bonding has been greatly expanded. 
Chvatal's 1975 review (Ref. 2), which concentrated primarily on the 1965 
to 1975 literature, contained 222 references. Most of the effort repre-
sented by these publications has been devoted towards empirically inves-
tigating phosphate bonding materials and development of useful refractory 
products. 
The effect of variables, such as temperature, soaking time, particle 
size, concentration of bonding agent and source of raw materials on the 
form, and relative abundance of the reaction products present in a number 
of phosphate bonded systems, have been investigated. However, there is 
still little fundamental physiochemical information about phosphate bond-
ing in the literature. This is not surprising when the complexity of the 
multistep reactions, the difficulty in differentiation between the many 
possible reaction products and the fine grain sized polycrystalline nature 
of materials being bonded are taken into consideration. 
Thus, it appears that fundamental investigations on phosphate bonding 
should be performed on simple model systems. This study involves the use of 
single crystals to accomplish this goal. The major portion of this inves-
tigation will be carried out using single crystals of materials (i.e. 
alumina, quartz l magnesia, magnesium aluminate spinel and stabilized 
zirconia) and phosphate binding agents (i.e. orthophosphoric acid, mixtures 
of chromic and orthophosphoric acid, monoaluminum phosphate and sodium 
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phosphate glasses) commonly incorporated in phosphate bonded refractories. 
However, materials, such as fused silica and single crystals of materials 
not normally used in refractories, such as magnesium fluoride and silicon 
metal, will also be utilized. 
The reaction of phosphate bonding agents with different crystallo-
graphic faces of single crystals will be studied after various heat 
treatments. The effect of interatomic spacing and atomic planar density 
of the material being bonded will be investigated by rejoining single 
crystals, cleaved or cut along low order planes, such as 100, 110, or 111, 
with various phosphate bonding agents. 
The effect of interfacial crystallographic misorientations (tilt, 
twist and combinations of both) on the strength of phosphate bonds will be 
investigated using phosphate bonded bicrystals. It is anticipated that 
there is a relationship between the strength of phosphate bonding and 
the degree of mismatch between the bonded faces. 
An attempt will be made to evaluate the effect of the atomic structure 
of the material being bonded on the strength of the resulting phosphate 
bond formation. The role of the anion in phosphate bonding will also be 
investigated. 
II. Status of Investigation  
A. Single Crystal Orientation 
The computer program, PLOMAC (Ref. 3), was modified to plot 
Laue patterns of sapphire (alumina) and quartz more accurately. The 
(hk.1),of the desired plane, along with the lattice parameters (a, b, c) 
and (cc, S, y) of the crystal are fed into the program and the program 
calculates the coordinates and intensities for the Laue pattern. The 
Laue pattern can then be plotted manually or by using a Calcomp plotter. 
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B. Reaction of Phosphate Bonding Agents with Different Crystal-
lographic Faces of Single Crystals of Alumina 
A drop of 85% Phosphoric Acid (61% P 205) was placed on lapped 
surfaces of alumina specimens. The orientations of these surfaces were 
determined to be (0001), (1120), and (1100). The acid solutions were 
dried at 80 ° C for four hours and then fired to 1500 ° F for four hours. 
After cooling in the furnace to room temperature, the reaction face was 
fractured by gently tapping a wedge placed in a diamond saw cut made in 
the back face before firing. The fractured samples were then mounted on 
SEM stubs and sputtered with gold. 
The morphology of these alumina samples were examined with the 
SEM. At 100X, the (0001) face appeared to be primarily covered with 
whitish, star-shaped crystals on a gray crystalline background. A few 
grayish, star-shaped crystals were also observed. At higher magnifica-
tions, these star-shaped crystals were observed to be composed of dendrites 
(see Figures 1 and 2). These types of crystal morphologies were also seen 
'on (1120) and (1100) faces. However, a smaller percentage of these 
surfaces were covered with the star-shaped crystals. 
EDAX analysis of the whitish star-shaped crystals indicated 
that their Al:P ratio was 1:3. This suggests that they are composed of 
aluminum meta phosphate (A1(PO 4 ) 3). This phase is reported to be the 
major phase present on the surfaces of alumina (Ref. 1) that had been 
heat treated above 500 ° C. 
EDAX analysis of the grayish star-shaped crystals and the gray-
ish crystalline background material indicated an Al:P ratio of approxi-
mately 1:1.07, which suggests they are composed of monoaluminum phosphate 
(A1P0
4
)'. This compound can exist in several polymorphic forms (berlinite, 
cristoballite, or tridymite). The different growth morphologies may 
Figure 1. Whitish Star-Shaped Dendritic Crystal Produced by Reacting 
H3PO4 with (0001) Face of Alumina at 1500 ° F (610X). 
Figure 2. Whitish and Grayish Star-Shaped Dendritic Crystals Produced 




indicate the presence of two of these polymorphs. In addition to the 
slightly different growth morphologies of the Al(PO 4 ) 3 and A1PO4 (MAP) 
dendritic structures, at higher magnifications (Figures 3 and 4) it can 
clearly be seen that the MAP crystals contain much more porosity. The 
flat interlocking MAP crystals covering the surface of the alumina appear 
to have nucleated at a central location and then to have grown outward 
with they encountered another group of crystals growing in a different 
directiop. 
Similar morphologies were seen on the (1100) and (1120) faces. 
However, it appeared that the whitish dendritic stars occurred much less 
,frequently than on the (0001) face. This is probably due to the fact that 
'the (0001) face has a different atomic packing factor than the (1100) and 
(1120) faces. 
C. Formation of Bicrystals of Alumina 
The sapphire single crystals used for this part of the study had 
zero porosity and very low dislocation density, and well oriented faces 





(61% P205) as the bonding agent with bond thicknesses of 0.002 to 
0.007" (before firing). In general, the strength of the bicrystals, 
bonded at 1500 ° F, was low and decreased as the thickness of the bond was 
increased. Since the separation of the bicrystals before bonding could 
not be accurately controlled below 0.002" (using feeler gauges), a new 
series of bicrystals were formed under varying loads during the heat treat-
ment process. These bycrystals were strong enough to be easily handled. 
Examination of these samples in the SEM indicated that their bond thick-
nesses were all less than 0.002". 
Three series of bicrystals were formed at 750 ° F, 1500 ° F and 
2000 ° F. In each series, (0001) faces were bonded to (0001) faces and 
Figure 3. Structure of Aluminum Meta Phosphate (Al(PO 4 ) 3) Dendrites 
(3200X). 
Figure 4. Porous Morphology of Monoaluminum Phosphate (A1PO 4) Dendritic 
Structure (3200X). 
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(1120) faces were joined to (1120) faces using three different bonding 
agents and various loads. The three bonding agent solutions used were 





The tensile strength of the bonds were determined using an 
Instron Universal Testing Machine. The results are given in Table I. 
These results show ,that there is a positive relationship between bond 
strength and firing temperature. In general, the strength of the (0001) 
bicrystals were stronger than the (1120) bicrystals. The samples pre-
pared with 
H3PO4 
as the bonding agent were the weakest and those pre 
pared with Glass H were the strongest. In every case where a comparison 
was possible, the samples cured under the higher load (200 gms) were 
stronger. 
D. Morphology of Fractured Samples 
The bicrystals heat treated to 1500 ° F were selected for 
morphological study after strength testing. The fracture morphologies 




0 bonded bicrystals were basically the same 
(Figures 5 and 6), and showed that the bond is formed from interlocking 
cones that join the two faces of the bicrystals together. It also can be 
seen that voids existed between many of the cones and that the direction 
of fracture was parallel to the bicrystal faces. The fracture morphology 
of H3PO4 bonded bicrystals was entirely different from what was observed 
when 
H3PO4 




bond appeared to be very porous and none of the dendritic structures seen 
on the crystal surfaces were observed. 
III. Future Work  
During the next quarter, the effect of firing temperature, 
7 
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Table I. Tensile Strength of Phosphate Bonded Bicrystals 
Heat Treatment 	Bonding 	Load Applied 	Bicrystal Faces Tensile Strength 
















NaH2PO4 .H2 0 
NaH2PO4 .H20 







































. 	64  
16.0 
17.5 
Bicrystals that broke due to handling were not reported. 
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 .112  0 Bond Between (0001) Faces of Alumina Single Crystals Fired at 1500 ° F (1200X). 
Figure 6. Fracture Morphology of Glass H Bond Between (0001) Faces of 
Alumina Single Crystals Fired at 1500 ° F (1200X). 
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concentration and composition of bonding agents and load on the bond 
strength of alumina, quartz fused, quartz, and silicon will be investi-
gated. In addition, the effect of crystallographic mismatch on the 
phosphate bond between single crystals will be investigated. 
IV. References  
1., W. D. Kingery, "Fundamental Study of Phosphate Bonding in 
Refractories: I. Literature Reyiew," J. Am. Ceram. Soc., 
(33) 239-41 (1950). 
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I. 	Introduction  
Since Kingery's (Ref. 1) literature review in 1950, the amount of 
published information on phosphate bonding has been greatly expanded. 
Chvatal's 1975 review (Ref. 2), which concentrated primarily on the 1965 
to 1975 literature, contained 222 references. Most of the effort repre-
sented by these publications has been devoted towards empirically inves-
tigating phosphate bonding materials and development of useful refractory 
products. 
The effect of variables, such as temperature, soaking time, particle 
size, concentration of bonding agent and source of raw materials on the 
form, and relative abundance of the reaction products present in a number 
of phosphate bonded systems, have been investigated. However, there is 
still little fundamental physiochemical information about phosphate bond-
ing in the literature. This is not surprising when the complexity of the 
multistep reactions, the difficulty in differentiation between the many 
possible reaction products and the fine grain sized polycrystalline nature 
of materials being bonded are taken into consideration. 
Thus, it appears that fundamental investigations on phosphate bonding 
should be performed on simple model systems. This study involves the use of 
single crystals to accomplish this goal. The major portion of this inves-
tigation will be carried out using single crystals of materials (i.e. 
alumina, quartz, magnesia, magnesium aluminate spinel and stabilized 
zirconia) and phosphate binding agents (i.e. orthophosphoric acid, mixtures 
of chromic and orthophosphoric acid, monoaluminum phosphate and sodium 
phosphate glasses) commonly incorporated in phosphate bonded refractories. 
However, materials, such as fused silica and single crystals of materials 
not normally used in refractories, such as magnesium fluoride and silicon 
metal, will also be utilized. 
The reaction of phosphate bonding agents with different crystallo-
graphic faces of single crystals will be studied after various heat 
treatments. The effect of interatomic spacing and atomic planar density 
of the material being bonded will be investigated by rejoining single 
crystals, cleaved or cut along low order planes, such as 100, 110, or 111, 
with various phosphate bonding agents. 
The effect of interfacial crystallographic misorientations (tilt, 
twist, and combinations of both) on the strength of phosphate bonds will be 
investigated using phosphate bonded bycrystals. It is anticipated that 
there is a relationship between the strength of phosphate bonding and 
the degree of mismatch between the bonded faces. 
An attempt will be made to evaluate the effect of the atomic structure 
of the material being bonded on the strength of the resulting phosphate 
bond formation. The role of the anion in phosphate bonding will also be 
investigated. 
II. Status of Investigation  
A. Single Crystal Orientation 
X-ray techniques and computer plotting programs for accurately 
determining the orientation of cubic and hexagonal single crystals have 
been completed. 
B. Tensile Testing of Alumina Bicrystals 
During this report period, a major effort was made to improve the 
method used to load the bonded bicrystals. The results reported earlier were 
performed using a loading jig which had a double flexible joint at the top 
and a reservoir of Wood's metal at the bottom. The samples were tested by 
super-gluing the bicrystals to two attachment rods. One of these rods 
was threaded into the bottom of the flexible joint. The Wood's metal was 
then melted with a gas torch and the cross head lowered until the lower 
rod was partially submerged in the molten metal. The metal was then 
allowed to solidify around the bottom rod. This system was designed to 
minimize misalignment so the bicrystal would be loaded in pure tension. 
However, as the molten metal solidified and then cooled, it tended to 
misalign the lower rod and to also stress the bicrystal, causing many of 
them to fail. 
To overcome these problems, a new loading system was developed. 
This system utilized two steel cables to transmit the tensile force from 
the Instron to the two eyelets attached to aluminum loading blocks to 
which the bicrystal had been super-glued. 
This new loading system was used to test a series of (11 20) bi-
crystals bonded with NaH 2PO4 •H20 (30% P 205). These bicrystals were placed 
under a 100 gram weight and allowed to cure at room temperature for at 
least 24 hours. They were then fired at 1500 ° F for four hours. Their 
room temperature strengths are listed in Table I. 
Based on the fact that all of these samples were stronger than 
any previously tested, our visual observation that the new system produced 
much better alignment during loading was confirmed. A second series of 
similar bicrystals was prepared (A-7 to A-8) using a 200 gram load during 
the 24 hour room temperature curing cycle. These bicrystals were pre-
pared from crystals that had been previously used. Before being rebonded, 
they were lightly ground on 180, 240, 600 grit SiC paper and were then 
Table I. Tensile Strength of Alumina Bicrystals Bonded with NaH2PO4 











A-1 100 (1120) New 100.9 
A-2 100 (1120) New 90.5 
A-3 100 (1120) New 93.5 
A-4 100 (1120) New 106.0 
A-5 100 (1120) New 117.6 
A-6 100 (1120) New 101.6 
x = 101.7 
s = 	10.1 
A-7 200 (1120) Used 32.5 
A-8 200 (1120) Used 33.7 
A-9 200 (1120) Used 42.2 
A-10 200 (1120) Used 64.0 
A-11 200 (1120) Used 42.9 
A-12 200 (1120) Used 40.7 
_ 
x = 	42.7 
s = 11.3 
B-1 100 (0001) Used 13.0 
B-2 100 (0001) Used 35.4 
B-3 100 (0001) Used 26.1 
B-4 100 (0001) Used 41.5 
B-5 100 (0001) Used 15.3 
_ 
x = 26.3 
s = 	12.4 
B-7 100 (0001) New 41.5 
B-8 100 (0001) New 85.3 
B-9 100 (0001) New 43.3 
B-10 100 (0001) New 66.8 
B-11 100 (0001) New 98.4 
B-12 100 (0001) New 56.2 
_ 
x = 65.3 
s = 22.9 
lightly polished using 1, 0.5 and 0.3 pm alumina to remove any contamina-
tion. The tensile strengths of these samples are also listed in Table I. 
These samples were significantly weaker than the first set. 
In an attempt to determine if this strength decrease was the 
result of reusing the alumina crystals or was due to the increased load 
during curing, two additional series of bicrystals bonded with NaH2PO4 •11 20 
were prepared and fired. All of these samples were (0001) bicrystals cured 
under a 100 gram load and fired at 1500°F for four hours. The B-1 to B-5 
samples were prepared from used crystals and the B-7 to B-12 samples from 
new crystals. Their tensile strengths are listed in Table I. Even 
though the new (0001) bicrystals were much weaker than the (1120) bi-
crystals produced from unused crystals, it appears that reusing the alumina 
crystals decreases the strength of alumina bicrystals. 
Additional (0001) and (1120) bycrystals were produced from new 
crystals using Glass H (30% P205) as the bonding agent. These samples were 
cured under 100 gram loads and fired at 1500 °F. Their tensile strengths are 
listed in Table II. These results indicate that both (1120) and (0001) 
bicrystals bonded with Glass H are weaker than the same type of bycrystals 
bonded with NaH 2PO4 . 
C. Morphology of Fractured Samples 
Examination of the bonded areas of fractured samples indicates that 
the thickness of the bond varies from one side to the other. The apparent 
cause of this is the uneven distribution of weight during the room tempera-
ture curing cycle. This technique is being modified in an attempt to 
eliminate this problem. 
Table II. Tensile Strength of Alumina Bicrystals Bonded With Glass 









H-1 100 (1120) 16.2 
H-2 100 (1120) 20.7 
H-3 100 (1120) 26.6 
H-4 100 (1120) 17.7 
H-5 100 (1120) 20.7 
H-6 100 (1120) 20.7 
5C = 20.4 
S = 	3.6 
G-2 100 (0001) 43.9 
G-3 100 (0001) 34.0 
G-5 100 (0001) 29.2 
G-6 100 (0001) 17.2 
= 31.1 
S = 11.1 
III. Future Work  
During the final quarter our effort will be primarily devoted to 
producing bicrystals with uniform bond thicknesses across their entire 
cross-sections. If this is accomplished it should reduce the scatter in 
the data considerably. In addition, bicrystals containing rotational 
mismatches will be evaluated and the final report written. 
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Phosphoric acid and acid phosphate compounds were first used as bin-
ders for dental materials and refractories shortly after the turn of the 
century. In addition to a wide variety of oxides and silicates, a number 
of other materials such as glasses, metal halides, metal hydrates and 
metals have been formed into shapes using phosphate binders. 
Almost all of the phosphate bonding investigations reported to data 
utilized finely powdered materials or mixtures of fine grained materials 
and polycrystalline aggregates. The only known exception has been the 
use of a phosphate binder system to join moderately large mica single 
crystals to produce larger and thicker mica sheets for electronic appli-
cations. 
The objective of this investigation was to achieve a better under-
standing of the mechanisms of phosphate bonding. The uniqueness of the 
experiments is that they were based on studying the joining together of 
two single crystals by phosphate bonding rather than studying the pro- 
perties of polycrystalline masses held together by phosphate bonds. The 
use of single crystals in these experiments allowed the elimination of 
variables such as surface area and particle shape and also permitted the 
investigation of the effect 	crystallographic orientation plays in 
phosphate bonding. 
7 
The availability of this type of fundamental information could lead 
to the production of better and longer-lasting refractories. Since many 
of the currently used phosphate bonded refractories contain alumina, 
chrome oxide and zirconia, improving their service life would reduce the 





In 1950, Kingery published a comprehensive literature review (Ref. 1) 
and a fundamental study (Ref. 2) on the phosphate bonding of refractories. 
The purpose of this section is to summarize the fundamental information 
cited or reported in these two papers and to outline subsequent progress 
that has been made toward understanding phosphate bonding. 
Kingery's literature search (Ref. 1) indicated that three major 
methods of forming phosphate bonds had been identified. They were: 
(1) reaction of phosphoric acid with siliceous materials, (2) reaction 
of phosphoric acid with oxides, and (3) the direct addition or formation 
in situ of acid phosphates. Cold setting (room temperature) as well as 
heat setting refractory bonds were described but very little fundamental 
information about these materials was found in the pre-1950 patent or 
general literature. 
Dental literature indicated that zinc oxide based cements were 
crystalline (Refs. 3 and 4) and that the bond was primarily dibasic 
zinc phosphate (ZnHPO4.3H20). A hard white dental cement formed from 
powdered alumina-lime-silica glass and phosphoric acid (Refs. 3 and 5) 
was reported to be bonded by an amorphous silica gel formed by a solution 
of about 30% of the glass. 
Kingery's systematic study (Ref. 2) of a large number of metal oxide-
phosphoric acid reactions at room temperature indicated three distinct 
classes of reactions: (1) acidic and chemically inert oxides do not react, 
9 
(2) strongly basic oxides react violently to form porous friable struc-
tures, and (3) weakly basic and amphoteric oxides react but not all of 
them form bonded structures. 
All of the reactions in the third classification which produced 
cement-like materials contained mono- and di-basic phosphates [M x (H2PO4)y 
 and Mx (HPO4 )y], whereas no acid phosphates were detected in the similar 
non-cohesive mixtures. This led Kingery to conclude that acid phosphates 
act as the bonding media in cold-setting phosphate cements. He also con-
cluded, because of the number of different oxides involved, that this was 
a general property of hydrogen phosphates rather than one particular chem-
ical compound. 
Comparison of bars (90 w/o fused Al20 3 and 10 w/o kaolin) bonded with 
phosphoric acid or phosphoric acid containing one of a number of cation 
additions (Ref. 3) indicated that small weakly basic or amphoteric ions 
such as Al +++ , Be++ , Fe+++ and Me+ increased the bonding power of phos-
phoric acid and that large or strongly basic ions such as Be + , Ca++ and 
Th+++ decrease its effectiveness. Based on these results, Kingery con-
cluded that weakly basic cations having a moderately small ionic radii 
were necessary to optimize the bond strength by allowing the formation of 
a somewhat variable and flexible partially non-ordered or glassy struc-
ture. The larger more basic cations tend to have higher coordination 
numbers which prevent the formation of flexible connected polyhedra struc-
tures, resulting in more ordered structures which results in lower bond 
strengths. 
Heat treatment of bars (92.85 w/o fused Al 203 and 7.15 w/o ball clay) 
bonded with 7.16 w/o mono.a1uminum phosphate (Ref. 2) to various temperature' 
10 
produced the unusual result that all of their room temperature MOR's were 
greater than their dried strength. This lack of a temperature zone of 
weakness was attributed to the gradual loss of combined water and the 
gradual crystallization of the hydration products over a wide temperature 
range with no sharp rupturing effects. 
The first step in this process is the loss of combined water, which 
leads to the formation of an amorphous phase containing three moles of 
water (Al203•P205-3H20). This material crystallizes over a fairly wide 
temperature range (260-500°C) as additional water is lost. The resulting 
compound [aluminum metaphosphate, Al(P03)3] also forms a bond with the 
aggregate. 
When Kingery (Ref. 2) reacted aluminum hydrate (Al20 3 •xH20) with phos-
phoric acid no crystalline reaction products were detected. Thus, at room 
temperature, the bonding phase must have been amorphous. However, continu-
ous rate of weight loss measurements on heating clearly showed the charac-
teristic peaks for mono-aluminum phosphate. This suggests that the amorphous 
bonding phase may contain more water of hydration than mono-aluminum phos-
phate and that it crystallizes below 200°C as the result of a gradual 
dehydration process which results in the formation of mono-aluminum phos-
phate. 
In 1952, Kingery (Ref. 6) demonstrated that mortars formed from fire 
clay grog, kaolin, and either mono-aluminum or mono-magnesium phosphate 
bonds produced excellent joints between half fire bricks fired at temp-
eratures between 105°C and 1500°C for five hours. The transverse strength 
of neat mortar bars bonded with mono-aluminum phosphate and cured at 105°C 
increased almost linearly as the percent phosphate bond was increased from 
2 to 12 w/o. 
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Gitzen et al. (Ref. 7) in studying the phosphate bonding of sintered 
alumina grog found that higher bond strength was obtained with phosphoric 
acid than with the various forms of aluminum phosphate. Forming the acid 
in place by adding water to dry mixes containing phosphorous pentoxide 
(P205) also produced excellent bonding. The use of dry diammonium phos-
phate (HN4)2HPO4 to produce phosphoric acid in situ resulted in weaker 
bond strength and production of ammonia during the casting operation. 
When castables were prepared using tabular alumina and phosphoric 
acid, it was necessary to heat-set them by heating at 600 to 800 ° F. These 
authors (Ref. 7) thought the bonding process consisted of dehydration of 
orthophosphoric acid (H 3PO4 ) at 416°F to form pyrophosphoric acid (H 4P20 7 ) 
which on continued heating at 600 to 800°F reacts with the alumina to form 
aluminum phosphate (A1PO4). They attributed the loss of strength observed 
between 2000 and 2800°F to decomposition of aluminum phosphate to alumina 
and P 205. By substituting Bayer alumina for some of the tabular alumina, 
they produced castables which developed an initial cold-set at room temp-
erature. 
To investigate the effect of the inversion of the .a - a cristobalite 
form of aluminum phosphate, test bars of an alumina ramming mix bonded 
with phosphoric acid were heat treated 20 hours at 2400°F (Ref. 7). No 
decrease in strength occurred even after the bars were cycled through the 
inversion temperature 300 times. 
Sheets et al. (Ref. 8) suggested the following scenario for the 
phosphate bonding of alumina: 
"Initially, a trivalent phosphate anion is present. As the 
acid reacts with the alumina, covalent polymerization occurs. 
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This results in bivalent PO4 units which will become 'ends' 
in chain polymerizations. Two of these can fuse to form a 
tetravalent pyrophosphate. 
As the reaction proceeds, PO4 units form with only one 
formal charge remaining. These units may be called 'mid-
dles.' One unit, terminated by two of the previously 
formed 'ends' gives a family of linear polyphosphates. 
The next step in the development of the bond comes from 
PO4 groups having no formal charge but capable of forming 
'branches.' Branching, such as is proposed here, could 
give rise to a sheet structure. 
The foregoing, 'ends,' middles,' and 'branches' involve 
only the phosphorous and oxygen atoms. To explain the 
unusual properties of phosphated-bonded alumina, one 
would expect the Al atom to become involved in these reac-
tions. Structural chemists believe in the formation of 
'super branches' which are capable of 3 dimensional growth. 
Thus, phosphate bonding can be viewed as a hetropolyanion-
ization process leading to the formation of a strong oxygen 
polyhedral structure." 
Rickles' (Ref. 9) investigation of the reaction between aluminum 
hydroxide and phosphoric acid (25-90°C) determined that the reaction pro-
ducts of this system were a mixture of amorphous mono-aluminum phosphate 
and a crystalline solid having the chemical composition 3Al203•2P205.8H 20. 
A direct correlation between the amount of amorphous mono-aluminum phos-
phate and bond strength was found. This was attributed to its non-uniform 
structure and bonding. When the molar ratio of Al(OH) 3 to H3PO4 was 1:3 
only amorphous mono-aluminum phosphate was forMed. The addition of alumina 
to the reaction mixture in the ratio of 3:7 with respect to aluminum hydrox-
ide [Al 203:A1(OH)3] produced the highest tensile strength and decreased 
porosity. He also determined that the reaction between zirconium oxide 
and phosphoric acid produced zirconium pyrophosphate which maintained high 
strength at 1300°C. 
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Lyons et al. (Ref. 10) suggested the following reaction sequence 
for phosphoric acid with high-alumina refractory mixes: 
Al203 + 6H3PO4 	2A1(H2PO4)3 + 6H 20 	 (Eq. 1) 
Al(H2 PO4) 3 	A1PO4 • xH 20 + 2H3PO4 
	
(Eq. 2) 
A1(H2 PO4 ) 3 2570c Al2(H2P207) 3 + 3H20 
	
(Eq. 3) 






 500°C [Al(P0 3 ) 3 ] x + 3/2 x H 2O 
	
(Eq. 4) 
The Al(H2 PO4 ) 3 is water soluble and is the bonding phase (Ref. 11) in two 
senses: (1) its sticky, viscous nature at room temperature, and (2) as a 
precursor to Al 2 (H 2 P20 7 ) 3 and [A1(P0 3 ) 3] x in the cured refractory. 
If the reaction can be slowed or stopped after reaction (Eq. 1) the 
refractory mixes would remain workable over a long period of time and would 






x . Addition of oxalic acid to act as a sequestering 
agent to hold aluminum in a soluble form extended the storage life of 
ramming and plastic mixes to six months and longer (Ref. 11). These ex-
periments confirmed the theory that the setting of phosphate-bonded alumina 
refractories is caused by the precipitation of insoluble aluminum phos-
phates. 
Lyon et al. (Ref. 12) investigated the bonding of magnesia refrac-
tories with sodium phosphate glasses cured at 250°F. They found that as 
the average chain length (6-50) of the glass and the amount of bond added 
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were increased, room temperature MOR's increased and hot MOR's decreased. 
The shorter chain length (1-3) crystalline sodium phosphates gave poorer 
cold and hot MOR's than the glassy phosphates. 
It was believed (Ref. 12) that glassy phosphate bonding was the 
result of degrading these materials to orthophosphoric acid or to ortho-
salts during the curing cycle. The acid component then reacts with the 
magnesia to form the bond. 
Samples of Mg0 mixed with the phosphate glasses and sufficient water 
to form a paste were heat treated and x-ray diffraction patterns run. 
Similar patterns were obtained for samples heat treated at the same temp-
erature irrespective of the glass chain length. The 125°F patterns con-
tained lines for magnesium orthophosphate, which confirmed the degrada-
tion of the glasses. The 950°F material was composed mainly of amorphous 
material and the 2200°F samples showed strong crystalline orthophosphate 
lines plus a large amount of noncrystalline material. These results suggest 
that the bonding of Mg0 between 500 and 2200°F is the result of amorphous 
phosphate glasses. As 2200-2300°F is reached the glasses begin crystal-
lizing to form Mg 3 (PO4 ) 2 . Lyon et al. (Ref. 12) concluded that the loss 
of strength observed in this temperature range indicated that Mg 3 (PO4 ) 2 
 is not a bonding agent. 
Bremser and Nelson (Ref. 13) used a mixture of ammonium dihydrogen 
phosphate and monofluorophosphoric acid to produce low temperature bond-
ing (260°C) of stabilized and unstabilized zirconia. The MOR's of the 
calcia stabilized bars were higher than those of unstabilized bars from 
room temperature to , 1200°C where a liquid formed in the stabilized bars. 
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X-ray diffraction indicated that after being heated to 1240°C the un-
stabilized bars contained only monoclinic zirconia and zirconium pyro-
phosphate. However, analysis of the stabilized zirconia bars indicated 
that most of the cubic zirconia had reverted to the monoclinic form 
and that CaZr(P0 3 ) 2 was present in addition to zirconium pyrophosphate. 
A sharp decrease in the MOR of the stabilized bars was observed 
between 200 and 400°C but between 400 and 600°C the strength returned 
to about its original value (3500 psi). A second decrease in strength 
occurred between 600 and 900°C; however, the strength again recovered 
(3000 psi) at 1000°C. Above 1000°C the strength decreased with increas- 
ing temperature until liquid formed at about 1200°C. The strength of the 
unstabilized bars remained fairly constant (1500-1900 psi) from room 
temperature to 1100°C. Between 1100 and 1240°C there was some decrease 
in strength; however, the specimens showed brittle fracture. The irregular 
nature of the MOR - temperature curve for the calcia stabilized zirconia 
bars was attributed to the formation of one or more intermediate calcium 
compounds which result in the formation of a double phosphate of calcium 
and zirconium [CaZr(PO4 ) 2 ] at about 1200°C. 
Reaction studies (Ref. 13) showed the following reaction series for 
unstabilized zirconia reacted with monofluorophosphoric acid alone or in 
the presence of ammonium dihydrogen phosphate: the acid dissociates re-
leasing fluorine, which leads to the formation of an intermediate zir-
conium pyrophosphate. Zirconium pyrophosphate (ZrP207 ) is stable to 
1380°C where it begins to lose P 205 forming zirconyl pyrophosphate 
[(Zr0) 2 -P20 7 ], which is stable to 1600°C. 
Foessel and Treffner (Ref. 14), using a glassy sodium polyphosphate 
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(chain length of 21), a lime-bearing addition as a second binder, and 
selected magnesite aggregates produced refractories having 2700°F 
MOR's greater than 2000 psi. By adjusting the CaO:(P 205 + Si02 ) ratio 
of a mix composition containing an aggregate which had low strength at 
2700°F, they produced brick with hot MOR's above 3500 psi at 2700°F. 
The optimum CaO:(P 20 5 + Si02 ) ratio was around 1:1. Bricks of this type 
were at least twice as strong as direct bonded magnesite-chrome bricks 
up to 2850°F. 
Similar results were obtained in magnesite-chrome refractories. 
However, it was found that as the Mg0 content decreased the optimum CaO: 
(P20 5 + Si02 ) ratio increased from about 1:1 to about 1.25:1 for 60% 
Mg0 class brick. Conventional and high fired phosphate-bonded compositions 
were also superior to phosphate-free equivalents. 




) ratio for maximum 
hot MOR (Ref. 14) in magnesite refractories suggested that the bond might 
consist of a single well-defined compound. Venable and Treffner (Ref. 15) 
investigated this theory by reacting a glassy long-chain sodium polyphos-
phate polymer with the various components present in these magnesite 
refractories. They concluded that sodium dicalcium orthophosphate (Na 20• 
2CaO.P 205 ) was the major high temperature bonding complex in these 
compositions. 
Exploratory experiments (Ref. 15) showed that Na 20.2Ca0-P205 softened 
to a viscous liquid between 1500 and 1600°C. However, before complete 
melting occurred sodium was lost and the bond composition shifted toward 
highly refractory whitlockite (3Ca0•1 3 205 ), melting point 1775°C. The 
presence of silica results in the formation of calcium silicophosphates 
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at the expense of the sodium calcium phosphate bonding phase. Therefore, 
for high hot strengths in unburned magnesite brick the silica content 
should be kept low and the CaO:P205 should be approximately equal to 
unity. 
O'Hara et al. (Ref. 16) summarized the phase conversions reported 
(Refs. 17-22) for an aluminum-phosphate binder (see Figure 1) with a 
P
2 05 
 .A1 2 0 3  molar ratio of =2.3. It was generally agreed that the major '  
phase in this binder system is AlH 3 (PO4 ) 2 .3H20, which on heat treatment 
is converted to the berlinite and cristobalite forms of A1P0
4 
and vari= 
scite [A1(H 2 PO 4 ) 3 ]. Variscite is a highly hydroscopic phase which be-
comes amorphous above 570°F. Hydrated aluminum phosphates crystallize 





which in turn forms a metaphosphate glass between 2000 
and 2370°F. The glass decomposes above 2370°F to form A1PO4 with vapori-
zation of P 205 . Aluminum orthophosphate is isostructural with silica and 
its common polymorphs. 
The physiochemical changes produced by heat treatment of chromium 
phosphates and chromium aluminum phosphate binders indicate that they 
differ from aluminum phosphate binders by retaining an amorphous phase 
over a larger temperature range (Refs. 23-24). They also may produce 
stronger bonds (Ref. 25). 
The diametral tensile strength of alumina specimens bonded with 
phosphoric acid or a mixture of phosphoric acid and chromic acid (Ref. 16) 
were similar and increased with acid content for curing temperatures of 
700 and 1500°F. The strength of specimens fired at 2000°F did not vary 
with acid content but those containing chromium were z2.5 times stronger. 
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Chromic acid containing specimens that had been cured at 700°F had 
lower overall thermal expansion when heated to 1500 or 2000°F than speci-
mens bonded only with phosphoric acid. The isothermal expansion (1500°F 
for 4 hours) of the chromium containing specimen was also much lower. 
The sluggish isothermal expansion was attributed to the transformation 
of the berlinite to the tridymite form of A1PO 4 (1470°F). Cooling curves 
for specimens not containing chromic acid showed inversions corresponding 
to the s to a inversions of the tridymite and cristobalite forms of A1PO 4 
 for specimens heated to 1500 and 2000°F, respectively. 
These findings suggest that the reason phosphoric acid bonded alumina 
specimens fired to 2000°F are weaker than ones bonded with a mixture of 
chromic and phosphoric acids is that the presence of chromium ions reduce 
the amount of A1P0
4 formed which prevents the structure from being dis-
rupted when it is cooled through the 0 to a inversions. 
O'Hara and his coworkers (Ref. 16) investigated the microstructure of 
these types of bonds by placing a drop of phosphoric acid or a mixture of 
phosphoric and chromic acid on the polished surface of polycrystalline 
alumina specimens which were then cured or fired. Sections of these 
specimens were then examined using a scanning electron microscope. 
Their micrographs indicate that the aluminum-phosphate bond material 
developed at 700°F consisted of three distinct types: (1) a fine particle 
crystalline material at the bond-substrate interface and at phase bound-
aries, (2) an intermediate phase of larger particle size, and (3) an outer 
phase which appeared to be amorphous. 
The specimen heated to 2000°F showed only two distinct phases (1) a 
fine particle crystalline phase at the bond-substrate interface and 
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(2) an outer layer that appeared to be glassy. There was a large separa-
tion between the bond and the substrate. They suggest that the devitri-
fication of the bond near the substrate interface is due to a gradient 
in the bond composition. The higher alumina content of the bond material 
near the interface would most likely form A1PO 4 , whereas, bond material 
farther away from the substrate might form Al(P0 3 ) 3 . 
The specimen produced by heating a mixture of the two acids (1:1 
weight ratio of P 20 5 to Cr0 3 ) on a substrate to 2000°F produced a dif-
ferent reaction product morphology. Only one phase was observed. It 
consisted of a uniform agglomerate of small, most likely crystalline, 
particulate material. No attempt was made to identify any of the 
observed phases. 
In a review, Cassidy (Ref. 26) discussed several of the new phosphate 
bonds that have been developed. Aluminum chlorophosphate hydrate (Ref. 27) 
is a dry powder developed especially for use in castable refractories. It 
is highly soluble in water and decomposes to form A1PO 4 on heating without 
formation of any intermediate metaphosphates. The simple thermochemistry 
of aluminum chlorophosphate hydrate allows it to be used in refractories 
which are subjected to rapid heating. Mixtures of aluminum phosphate 
and urea phosphate (Ref. 28) have been used as a dry bond for heat setting 
alumina castables. 
Fisher (Ref. 29) found that at temperatures up to 2000°F increasing 
the level of phosphate binder present in high alumina plastics produced 
increases in their hot MOR's. At higher test temperatures this trend 
was still measurable but was much less pronounced. He also determined 
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that bauxite based phospha to bonded plastics were as strong at 2000°F 
and stronger at 2500°F th an similar tabular alumina plastics. 
The type of phosph 
on the level of hot MO 
unexpected in view of  
ate binder used did not have a significant effect 
achieved between 1500 and 2500°F. This was 
the different way in which they form the bond during 
the curing process 
	
The hydrated aluminum phosphate [A1H 3 (PO4 ) 2 .3H 20] 
was formed with al 1 three types of binder, but its mode of formation 
varied. In the p hosphoric-acid-bonded plastics, the alumina required to 
form this compou nd is supplied by solution of fine grained alumina. In 
the plastics b onded with stoichiometric aluminum phosphate this compound 
can be formed directly from the binder so there is essentially no reaction 
between the binder and the alumina. The acid-rich aluminum phosphate 
should rea ct mildly with the alumina since it contains the ingredients 
for both the hydrated aluminum phosphate and free phosphoric acid. 
Go nzalez and Halloran (Ref. 30) determined that the reaction products 
of ort hophosphoric acid and alumina at temperatures up to 500°C consisted 
of a mixture of aluminum phosphates that vary depending on the type of 
alu mina, concentration, reactions time and temperature. The extent of 
th e reaction and the relative yield of each aluminum phosphate were shown 
t o be related to the relative activity of the system. The relative 





in the system. The fraction of alumina reacted increased with 
increasing relative activity and temperature. . 
Mixes with low relative activity values tend to yield aluminum 
phosphates with low Al:P ratios [i.e., Al(H 2 PO4 ) 3 , A1H 2 P 30 10 •2H 20 and 




) are formed in mixes of high relative activity. 
Condensed phosphates such as A1(P0 3 ) 3 were shown to react with 
excess alumina at temperatures between 500 and 700°C. Thus, reaction 
products in the vicinity of alumina particles would be expected to form 
A1P0
4 
by solidstate reaction. 
Alum-derived alumina containing metastable y-Al 203 reacted in high 
Al2 0 3 ' -P 2 0 5  ratio mixes to form large amounts of the cristobalite form of 





reacted at a slower rate and produced only 
amorphous reaction products. 
Since Kingery's (Ref. 1) literature review in 1950 the amount of 
published information on phosphate bonding has been greatly expanded. 
Chvatals' (Ref. 31) 1975 review which concentrated primarily on the 1965-
1975 literature contained 222 references. Most of the effort represented 
by these publications has been devoted towards empirically investigating 
phosphate bonding materials and development of useful refractory products. 
The effect of variables such as temperature, particle size, concen-
tration, source of raw materials and time on the form and relative abundance 
of the reaction products present in a number of phosphate bonded systems 
have been investigated. However, there is still little fundamental physio-
chemical information about phosphate bonding in the literature. This is 
not surprising when the complexity of the multistep reactions, the difficulty 
in differentiation between the many possible reaction products and the fine 
grain sized polycrystalline nature of materials being bonded are taken into 
consideration. 
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Thus it appears that fundamental investigations on phosphate bonding 
should be performed on simple model systems. This investigation involves 
the use of single crystals to accomplish this goal. 
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SECTION III 
Experimental Program  
This section describes the methods developed to orient single crys-
tals; the experiments carried out to investigate the reaction of phos-
phate bonding agents with fused silica and different crystallographic 
faces of single crystals; the development of methods to form phosphate 
bonded bicrystals and tensile testing procedures, the formation and test-
ing of aligned bicrystals of alumina and the investigation of the effect 
of rotational mismatch on the fired tensile strength of alumina bicrys-
tals. 
A. 	Single Crystal Orientation  
Many of the experiments carried out during this investigation re-
quired the determination of the crystal faces which were to be bonded 
together or reacted with phosphate bonding agents. Preuss (Ref. 32) 
developed two Fortran IV computer programs designed to reduce the time 
required to accomplish single crystal orientations, using the conventional 
Laue back reflection method (Ref. 33). A program called PLOMAX (Ref. 34) 
was used to plot the back reflection Laue pattern for any desired orien-
tation. The unknown orientation was then determined using a program named 
COL (Ref. 35) to analyze the Laue data. The two programs then allow the 
calculation of the amount of rotation necessary to translate the crystal 
to the desired orientation (Ref. 36 ). These two programs were modified 
so they would run on our Cyber 730 computer system. Crystals of alumina, 
magnesia, and quartz were successfully oriented using this technique. 
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The optimum time for producing the required back reflection 
Laue patterns using CuKa radiation (35 kV and 20 mA) and 
3000 speed, Type 57 Polaroid film was found to be between 10 
and 20 minutes. 
The crystal faces referred to in the remainder of this report were 
all determined or checked using the above procedure. The sapphire single 
crystals (Ref. 37) were purchased in the form of square rods with the 
sides consisting of (0001) and (1120) faces and the ends being (11 -00) 
faces. The back reflection Laue patterns for at least one face from 
each rod was determined to make sure that the orientation was the one 
desired. 
B. 	Reaction of Phosphate Bonding Agents with Different Crystallographic  
Faces of Single Crystals and Fused Silica  
O'Hara et al (Ref. 16) investigated the microstructures formed 
when a drop of phosphoric acid or a mixture of phosphoric and chromic 
acid was placed on the polished surface of polycrystalline alumina spe- 
cimens and fired (see the Background Section for a summary of their work). 
Similar experiments utilizing 	single crystals and fused silica rods 
were carried out during this investigation. 
A drop of phosphoric acid (61 % 	P205) or a 1:1 mixture of phos- 
phoric acid (61 % 	P205) and chromic acid (61 % 	Cr03) was placed on 
lapped surfaces of alumina, fused silica and quartz specimens. The 
alumina and quartz specimens were single crystals. The acid solutions 
were placed on the (0001) face of the quartz crystals. The orientation 
of the alumina crystals were not determined, but was perpendicular to 
the surface of the grown rod (1/4" diameter). 
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The acid solutions were dried at about 80°C for at least six hours 
and then fired at 1500°F (815°C). After cooling, a diamond saw cut was 
made about two-thirds of the way through the sample in the face opposite 
from the one on which the reaction had taken place. The reaction face 
was then fractured by gently tapping a wedge placed in the cut. 
The alumina, fused silica and quartz samples reacted with phosphoric 
acid at 1500°F and the alumina crystal reacted with the chromic-phosphoric 
acid mixture at 1500°F were coated with gold and examined with an SEM. 
The surface of the alumina-phosphoric acid reaction area was made up 
primarily of dendrites (Fig. 1), which appeared to be crystalline. Below 
the dendrites, there was a layer that contained a small amount of porosity 
(Fig. 2). Beneath this layer, there may be another very thin layer of 
material. However, the structure observed could also have been the re-
sult of acid roughening of the surface of the alumina crystal. In some 
locations, a crack between the porous layer and the thin layer or the 
roughened alumina crystal were observed (Fig. 2). 
The reaction products formed when the chromic acid mixture was reacted 
with an alumina crystal were friable and appeared to be very porous. The 
top surface of these reaction products consisted of many small, needle-like 
crystals. It also appeared that some of the reaction layer was either bro-
ken off or crushed during the cutting and mounting procedure. Below this 
surface, a very porous amorphous appearing layer was present (Fig. 3). This 
layer appeared to be tightly adherent to the surface of the alumina crys-
tal as no cracks were observed. 
The top surface of the phosphoric acid-quartz reaction products ap-
peared to be composed primarily of plate-like crystals (Fig. 4). The 
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Figure 1. Dendrite Crystals on Surface of Alumina Crystal Reacted 
with H3PO4 at 1500°F (400X). 
Figure 2. Reaction Product Layer Below Dendrites (2500X). 
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Figure 3. Reaction Product Layer Formed on Surface of Alumina Crystal 
Reacted with Chromic Phosphoric Acid Mixture at 1500°F 
(3500X). 
Figure 4. Top Surface of Reaction Products on (0001) Face of Quartz 
Crystal Reacted with Phosphoric Acid at 1500°F (2500X). 
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material below this surface was granular in nature and appeared to be 
tightly bonded to the surface of the quartz. 
Some cracks developed in the quartz crystal when it was cooled 
through the is to a transition. The surface of the phosphoric acid-
fused silica reaction products was composed of amorphous looking spheres 
(Fig. 5) and plate-like crystals that appeared to have grown out of the 
spheres (Fig. 6). Below the surface, the coating was made up of the 
amorphous spheres with voids between the spheres. The surface of the 
fused silica sample appeared to have been attacked much more severely 
than either the quartz or the alumina single crystals. 
After the square alumina rods that were to be used for forming the 
phosphate bonded bicrystals were received, additional reaction experi-
ments were performed. The surfaces of these rods contained (0001), 
(1120), and (MO) faces. Drops of phosphoric acid were reacted with 
samples of each face at 1500°F in the same manner as described above. 
After cooling in the furnace to room temperature, the reaction face 
was fractured by gently tapping a wedge placed in a diamond saw cut made 
in the back face before firing. The fractured samples were then mounted 
on SEM stubs and sputtered with gold. 
The morphology of these alumina samples were examined with the SEM. 
At 100X, the (0001) face appeared to be primarily covered with whitish, 
star-shaped crystals on a gray crystalline background. A few grayish, 
star-shaped crystals were also observed to be composed of dendrites (see 
Figs. 7 and 8). These types of crystal morphologies were also seen on 
(1170) and (1100) faces. However, a smaller percentage of these sur-
faces were covered with the star-shaped crystals. 
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Figure 5. Reaction Product Layer Formed on Surface of a Fused Silica 
Rod Reacted with Phosphoric Acid at 1500°F (1500X). 
Figure 6. Plate-Like Crystals Growing Out of Spheres Shown in 
Figure 5 (1500X). 
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Figure 7. Whitish Star-Shaped Dendritic Crystals on Surface of Reaction 
Products Produced by Reacting H 3PO4 with (0001) Face of Alumina 
at 1500°F (610X). 
Figure 8. Whitish and Grayish-Shaped Dendritic Crystals Produced by 
Reacting H 3PO4 with (0001) Face of Alumina Crystal at 1500°F 
(600X). 
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EDAX analysis of the whitish star-shaped crystals indicated that 
their Al:P ratio was 1:3. This suggests that they are composed of 
aluminum meta phosphate (A1(PO4) 3 ). This phase is reported to be the 
major phase present on the surfaces of the alumina (Ref. 1) that had 
been heat treated above 500°C (932°F). 
EDAX analysis of the grayish star-shaped crystals and the grayish 
crystalline background material indicated an Al:P ratio of approximately 
1:1 (1:1.07), which suggests they are composed of monoaluminum phosphate 
(A1PO4). This compound can exist in several polymorphic forms (berli-
nite, cristobalite, or tridymite forms). The different growth morphologies 
of the gray MAP may indicate the presence of two of these polymorphs. 
In addition to the slightly different growth morphologies of the Al(PO4)3 
and A1PO4 (MAP) dendritic structures, at higher magnifications (Figs. 9 
and 10) it can clearly be seen that the MAP crystals contain much higher 
porosity. The flat interlocking MAP crystals covering the surface of 
the alumina appear to have nucleated at a central location and then to 
have grown outward until they encountered another group of crystals 
growing in a different direction.. 
Similar morphologies were seen on the (11 -00) and (1170) faces. 
However, it appeared that the whitish dendritic stars occurred much 
less frequently than on the (0001) face. This may be due to the fact 
that the (0001) face has a higher aluminum packing factor than the 
(1100) and (1120) faces. 
The higher concentration of aluminum ions on the (0001) face appears 
to increase the amount of aluminum in the reaction products so that more 
A1PO4 and less Al(PO4)3 is produced. Whereas, the elongated MAP crystals 
covering the (0001) surface appear to be grown out from a central 
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Figure 9. Structure of Aluminum Meta Phosphate [Al(PO 4 ) 3 ] Dendrites 
(3200X). 
Figure 10. Porous Morphology of Monoaluminum Phosphate (A1PO 4 ) Dendritic 
Structure (3200X). 
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location (Figures 7 and 8), those covering the (1100) surface appeared 
to be more nearly equiaxed (Figures 11 and 12). 
Alumina samples were cut from the sapphire rods so that (1102), 
(1122) and two random faces were exposed. The random faces were cut 
in such a manner that it is unlikely they correspond to any low 
index face. A drop of phosphoric acid was placed on each of these 
faces and they were then dried and fired at 1500 0F as described 
above. The reaction products on the (1T02) faces had morphologies similar 
to those observed on the (0001) faces, except that the star-like 
dendritic structures (Figure 13) appeared to contain more branching 
(less needle like). 	The aluminum phosphate structure formed on the 
(1122) face did not contain any of the star-like dendritic struc-
tures. This face was covered with roughly equiaxed grains (Figure 
14) that had a plate-like or even cubic substructure on portions of 
its surface (Figure 15). 
The structures formed on the two randomly oriented faces did not 
contain any of the large star-like dendritic structures (Figures 16 
and 17). However, a few small dendrites were observed on one of them 
(Figure 16). Since these faces were prepared so that they most 
likely do not - correspond to any low index face, it is reasonable 
to assume that they have relatively low aluminum packing densities. 
The fact that no large dendrite structures were formed suggests that 
large dendritic structures most likely only form on faces with high 
aluminum packing densities. The roughly equiaxed major grains shown 
in Figure 17 are also covered with a plate-like substructure (Figure 
18). 
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Figure 11. N early Equiaxed Crystals Covering (1TOO) Face of Alumina 
rystal Reacted with H 3 1304 (1000X). 
Figure 12. Fractured Alumina Crystal with Equiaxed Crystals on (1T00) 
Face (250X). 
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Figure 13. Dendritic Structure on Face of (1 7102) Alumina Crystal Reacted 
with 
H3PO4 at 1500°F (1250X). 
Figure 14. Aluminum Phosphate Reaction Products on Surface of (1122) Face 
of Alumina Crystal Reacted with H 3PO4 at 1500°F (250X). 
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Figure 15. Higher Magnification of Surface Shown in Figure 14 (1100X). 
Figure 16. Surface of Reaction Products on a Random Plane of an 
Alumina Crystal Reacted with H 3PO4 at 1500°F (250X). 
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Figure 17. Same as Figure 16 Except Random Plane was Different (250X). 
Figure 18. Plate-Like Structure Covering Surface of Grains Shown in 
Figure 17 (1600X). 
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The microstructures produced when phosphoric acid was reacted 
with a fine grained polycrystalline alumina was investigated by 
placing a drop of acid on an alumina cutting tool and then drying 
and firing them as described above.. The average grain size of the 
cutting tool was <5pm. No dendritic structures were observed in 
the microstructure of these reaction products. The morphology 
consisted of a mixture of elongated, equiaxed and plate-like grains 
(Figures-l9 and 20). These results tend to support the theory that 
dendrites are only formed on low index high atomic density faces 
since the probability of low index faces being parallel to the sur-
face of the cutting tools is low. 
Comparison of the microstructures observed during this inves-
tigation with those observed when samples were cut and polished 
(Ref. 16) appears to indicate that the observation of fractured 
surfaces instead of polished surfaces may give a better understand-
ing of phosphoric acid - alumina reaction product morphologies. At 
least some of the texture shown in the micrographs of the polished 
samples (Ref. 16) is most likely the result of the polishing 
process. 
Attempts were made to determine the crystal structure of 
aluminum phosphate grains and dendrites removed from the surface 
of the fired samples. Enough electron diffraction spots were not 
obtained to allow the phases to be identified. 
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Figure 19. Surface of Reaction Product Layer Formed on the Surface of 
an Alumina Cutting Tool Reacted with H 3PO4 at 1500°F (500X). 
Figure 20. Plate-Like Grains on Different Area of Alumina Cutting Tool 
Shown in Figure 19 (900X). 
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C. 	Development of Methods to Form Phosphate Bonded Bicrystals and 
Tensile Testing Procedures 
Preliminary expe riments were carried out using on-hand alumina, 
magnesia and quartz single crystals. Bicrystals were produced using 
both phosphoric aci d and sodium dihydrogen phosphate as the bonding 
agent. During th ese preliminary experiments, neither bond thickness 
nor crystal orie ntation were controlled. Samples cured at 2000°F (1093°C) 
for four hours were strong enough to be easily handled except for the 
quartz bicryst als which contained cracks which were formed due to the 
a t B inversi on. 
The sap phire single crystals used in the remainder of this study 
were 0.250 in. rectangular cross-section rods obtained from Saphikon 
Division 
and (iTo 
of Tyco Laboratories, Inc. They had well oriented (0001), (1120), 
0) faces exposed (± 30'). 
Pr eliminary attempts to form bicrystals using these single crystals 
were m ade using 85% H 3 PO4 (61% P 205 ) as the bonding agent with bond thick-
nesse s between 0.002 and 0.007" (before firing). In general, the strength 
of the bicrystals, bonded at 1500°F, was low and decreased as the thick-
ne ss of the bond was increased. Since the separation of the bicrystals 
b efore bonding could not be accurately controlled below 0.002" (using 
feeler gauges), a new series of bicrystals were formed under varying 
loads during the heat treatment process. These bicrystals were strong 
enough to be easily handled. Examination of these samples in the SEM 
indicated that their bond thicknesses were all less than 0.002". 
Three series of bicrystals were formed at 760 ° F, 1500°F and 2000°F. 
In each series, (0001) faces were bonded to (0001) faces and (1120) faces 
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were joined to (1120) faces using three different bonding agents and 
various loads. The three bonding agent solutions used were 85% H 3PO4 
 (61.1% P205), NaH2P0•20 (30% P205) and Glass H (NaP03)20 (30% P2 05 )
Tensile strengths were determined using an Instron Universal Testing 
machine and a loading jig which had a double flexible joint at the top 
and a reservoir of Wood's metal at the bottom. The samples were tested 
by super-gluing the bicrystals to two aluminum attachment rods. One of 
these rods was threaded into the bottom of the flexible joint. The 
Wood's metal was then melted with a gas torch and the cross-head lowered 
until the lower rod was partially submerged in the molten metal. The 
metal was then allowed to solidify around the bottom rod. This system 
was designed to minimize misalignment so the bicrystal would be loaded 
in pure tension. However, as the molten metal solidified and then 
cooled, it tended to misalign the lower rod and to also stress the 
bicrystal, causing some of them to fail. 
The results obtained using this loading system and a cross-head speed 
of 0.1 cm/min. are given in Table I. These results showed that there was 
a positive relationship between bond strength and firing temperature. In 
general, the strength of the (0001) bicrystals was stronger than the 
(1170) bicrystals. The samples prepared with H3PO4 as the bonding agent 
were the weakest and those prepared with Glass H were the strongest. In 
every case except one where a comparison was possible, the samples cured 
under the higher load (200 gms.) were stronger. 
The bicrystals heat treated to 1500°F were selected for morphologi-
cal study after strength testing. The fracture morphologies of Glass H 
and NaH2PO4•H20 bonded bicrystals were basically the same (Figs. 21 and 
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Table I. Tensile Strength of Phosphate Bonded Alumina Bicrystals. 
Heat Treatment 
Temp. (°F) 
Bonding 	Load Applied 	Bicrystal Faces Tensile Strqngth 
Agent During Firing (gms) 	Bonded 	 (kgf/cm9 
750 NaH2PO4 H2O 200 (0001) 20.9 
750 Glass H 100 (0001) 19.3 
1500 H3PO4 200 (0001) 21.5 
1500 NaH2P0•20 100 (0001) 77.0 
1500 NaH2PO4•H20 200 (0001) 83.0 
2000 NaH2PO4•1120 100 (0001) 65.0 
2000 NaH2PO4•120 200 (0001) 89.0 
2000 NaH2PO4•1120 100 (1120) 16.5 
2000 NaH2PO4•1120 200 (1120) 29.0 
2000 Glass H 100 (0001) 64.0 
2000 Glass H 200 (0001) 16.0 
2000 Glass H 300 (1170) 17.5 
Bicrystals that broke due to handling or during mounting in the loading jig have 
not been included. 
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22), and showe d that the bond was composed of interlocking cones that 
join the two 
voids existe 
ture was par 
faces of the bicrystals together. It also can be seen that 
d between many of the cones and that the direction of frac-
allel to the bicrystal faces. The fracture morphology of 
H3PO4 bonde 
H3PO4 was 
d crystals was entirely different from what was observed when 
fired on the surface of a crystal. In general, the H3PO4 bond 
appeared 
the crys 
to be very porous and none of the dendritic structures seen on 
tal surfaces were observed. This porosity (similar to that in 
Figure 
faces 
10) and the fact that aluminum was available from two crystal 
suggests that the bonding phase formed from H 3PO4 was mono-aluminum 
phosp hate. 
In an attempt to overcome the problems associated with the first 
loa ding jig, a new loading system was developed. This system utilized 
tw o steel cables to transmit the tensile forces from the Instron to the 
two eyelets attached to aluminum loading blocks to which the bicrystal 
had been super-glued. 
This new loading system was used to test a series of (1120) bicrys-
tals bonded with NaH3PO4 •11 20 (30% P 20 5 ). These bicrystals were placed 
under a 100 gram weight and allowed to cure at room temperature for at 
least 24 hours. They were then fired at 1500°F for four hours. Their 
room temperature strengths are listed in Table II. 
Based on the fact that all of these samples were stronger than any 
previously tested, our visual observation that the new system produced 
much better alignment during loading was confirmed. A second series 
of similar bicrystals was prepared (A-7 to A-8) using a 200 gram load 
during the 24 hour room temperature curing cycle. These bicrystals were 
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Figure 21. Fracture Morphology of NaH2PO4•120 Bond Between (0001) Faces 
of Alumina Crystals Fired at 1500°F (1200X). 
Figure 22. Fracture Morphology of Glass H Bond Between (0001) Faces of 
Alumina Single Crystals Fired at 1500°F (1200X). 
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Table II. Tensile Strength of Alumina Bicrystals Bonded with NaH2PO4 and 











A-1 100 (1120) New 100.9 
A-2 100 (1120) New 90.5 
A-3 100 (1120) New 93.5 
A-4 100 (1120) New 106.0 
A-5 100 (1120) New 117.6 
A-6 100 (1120) New 101.6 
T= 101.7 
s = 	9.6 
A-7 200 (1120) Used 32.5 
A-8 200 (1120) Used 33.7 
A-9 200 (1120) Used 42.2 
A-10 200 (1120) Used 64.0 
A-11 200 (1120) Used 42.9 
A-12 200 (1120) Used 40.7 
= 	42.7 
s 	= 11.3 
B-1 100 (0001) Used 13.0 
B-2 100 (0001) Used 35.4 
B-3 100 (0001) Used 26.1 
B-4 100 (0001) Used 41.5 
B-5 100 (0001) Used 15.3 
= 	26.3 
s = 12.4 
B-7 100 (0001) New 41.5 
B-8 100 (0001) New 85.3 
B-9 100 (0001) New 43.3 
B-10 100 (0001) New 66.8 
B-11 100 (0001) New 98.4 
B-12 100 (0001) New 56.2 
= 	65.3 
s = 22.9 
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prepared from crystals that had been previously used. Before being re-
bonded, they were lightly ground on 180, 240, 600 grit SiC paper and 
were then lightly polished using 1, 0.5 and 0.3 pm alumina to remove any 
contamination. The tensile strengths of these samples are also listed 
in Table II. These samples were significantly weaker than the set pro-
duced from unused crystals. 
In an attempt to determine if this strength decrease was the result 
of reusing the alumina crystals or was due to the increased load during 
curing, two additional series of bicrystals bonded with NaH 3P0• 20 were 
prepared and fired. All of these samples were (0001) bicrystals cured 
under a 100 gram load and fired at 1500°F for four hours. The B-1 to 
B-5 samples were prepared from used crystals and the B-7 to B-12 samples 
from new crystals. Their tensile strengths are listed in Table II. Even 
though the new (0001) bicrystals were much weaker than the (1120) bicrys-
tals produced from unused crystals, it appears that reusing the alumina 
crystals decreases the strength of the alumina bicrystals. 
Additional (0001) and (1120) bicrystals were produced from new 
crystals using Glass H (30% P 20 5 ) as the bonding agent. These samples were 
cured under 	100 gram loads and fired at 1500°F. 	Their tensile strengths 
are listed in Table III. These results indicate that both (112 .0) and (0001) 
bicrystals bonded with Glass H are weaker than the same type of bicrystals 
bonded with NaH2PO4•1120. 
Examination of the fracture faces of the above samples suggested 
that the loads applied during curing may not have been uniformly distri-
buted over the bond area. An attempt was made to improve the load dis-
tribution by curing ten samples at one time with the load being applied 
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Table III. Tensile Strength of Alumina Bicrystals Bonded With Glass H 









H-1 100 (1170) 16.2 
H-2 100 (1170) 20.7 
H-3 100 (1120) 26.6 
H-4 100 (1170 17.7 
H-5 100 (1170) 20.7 
H-6 100 (1170) 20.7 
3T = 20.4 
s = 	3.6 
G-2 100 (0001) 43.9 
G-3 100 (0001) 34.0 
G-5 100 (0001) 29.2 
G-6 100 (0001) 17.2 
x 	= 	31.1 
s 	= 	11.1 
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to the samples by a rigid one or two kilogram plate which rested on all 
ten specimens. These samples were cured at room temperature for 24 hours 
and then fired at 1500°F for 4 hours. Sodium dihydrogen phosphate and 
Glass H which contained 30% P205 were used as the bonding agents. 
The tensile strengths of these samples are listed in Table IV. The 
samples whose condition is described as "polished" are used samples that 
were prepared in the same manner as the "used" samples in Table II, except 
the coarse grinding was done on 150 and 45 pm diamond wheels. The ef-
fects of crystal condition and the bicrystal faces bonded are shown in 
Figure 23. Figure 24 show the effect of bonding agent, curing load, and 
bicrystal faces bonded. 
Examination of the fracture faces of these samples indicated that 
the distributed loading technique produced even greater nonuniformity of 
bond thickness. Because of this, analysis of variance calculations 
were not made. However, examination of the results suggests that the 
polishing of used samples does not produce as good a bonding surface as 
that present on the unused single crystals (Fig. 23). In addition, it 
appears that decreasing the bond thickness (increasing the curing load) 
may decrease the bond strength of bicrystals bonded with Glass H (Fig. 
24). Since the uniformity of bond thicknesses of these samples was 
worse than those which were individually loaded during the curing cycle, 
the individual load method was used throughout the rest of this investi-
gation. 
The effect of curing time was investigated by preparing two sets of bi-
crystals cured at room temperature for 24 and 3 hours respectively. A 100 gm 
load was applied during the curing cycle and the samples fired at 1500°F 
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Table IV. Tensile Strength of Phosphate Bonded Alumina Bicrystals 











NaH2P0•20 100 (1120) New 40.8 
NaH2PO4•H20 100 (1170) New 31.3 
NaH2PO4•H20 100 (1120) New 33.0 
NaH2PO4•H20 100 (1120) New 104.9 
NaH2P0•20 100 (1120) New 64.5 
T = 	54.9 
s = 30.9 
NaH2PO4•H20 100 (1120) Polished 8.1 
NaH2PO4•H20 100 (1120) Polished 6.5 
NaH2PO4.H20 100 (1120) Polished 9.7 
NaH2PO4•H20 100 (1120) Polished 8.1 
NaH2PO4.H20 100 (1120) Polished 8.1 
T = 	8.1 
s 	= 1.1 
NaH2PO4•120 100 (0001) New 104.9 
NaH2PO4•H20 100 (0001) New 59.5 
NaH2PO4•1120 100 (0001) New 15.6 
NaH2PO4•H20 100 (0001) New 46.1 
NaH2P0•20 100 (0001) New 37.5 
)T = 	52.7 
s = 	33.2 
NaH2P0•20 100 (0001) Polished 31.3 
NaH2PO4•H20 100 (0001) Polished 28.6 
NaH2PO4•H20 100 (0001) Polished 54.8 
NaH2P0•20 100 (0001) Polished 31.3 
NaH2PO4•H20 100 (0001) Polished 31.3 
= 	35.5 
s = 10.8 
Glass H 100 (1120) New 61.4 
Glass H 100 (1120) New 89.7 
Glass H 100 (1120) New 52.2 
Glass H 100 (1120) New 20.7 
Glass H 100 (1120) New ILEA 
)7 = 67.9 
s = 36.2 
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Table IV. Tensile Strength of Phosphate Bonded Alumina Bicrystals 











Glass H 100 (0001) New 84.2 
Glass H 100 (0001) New 30.7 
Glass H 100 (0001) New 27.4 
Glass H 100 (0001) New 47.7 
Glass H 100 (0001) New 20.7 
ii- = 	42.1 
s = 25.5 
NaH2PO4•1120 200 (1120) New 63.0 
NaH2PO4.1120 200 (1120) New 96.9 
NaH2PO4•H20 200 (1120) New 29.0 
NaH2P0•20 200 (1120) New 43.6 
NaH2PO4•1120 200 (1120) New 80.7 
7(= 	62.6 
s = 27.3 
NaH2P0•20 200 (0001) New 15.9 
NaH2PO4•1120 200 (0001) New 31.3 
NaH2P0•20 200 (0001) New 22.6 
NaH2PO4•1120 200 (0001) New 83.0 
NaH2P0•20 200 (0001) New 43.8 
x = 	39.3 
s = 26.5 
Glass H 200 (1120) New 18.1 
Glass H 200 (1120) New 61.3 
Glass H 200 (1120) New 123.0 
Glass H 200 (1120) New 28.2 
Glass H 200 (1120) New 52.9 
= 	56.7 
s = 41.0 
Glass H 200 (0001) New 28.2 
Glass H 200 (0001) New 33.3 
Glass H 200 (0001) New 17.7 
Glass H 200 (0001) New 48.5 
Glass H 200 (0001) New 15.5 
T = 	28.6 


























Figure 23. Average Tensile Strength Factorial Design (2 x 2) Showing 
Effect of Crystal Condition and Bicrystal Faces Bonded with 
Sodium Dihydrogen Phosphate (30% P205) and Cured Under a 
Load of 100 Grams. 
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Figure 24. Average Tensile Strength Factorial Design (2 x 2 x 2) Showing 
the Effect of Bonding Agent, Curing Load and Bicrystal Faces 
Bonded. 
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for 4 hours. The bonding agent used was sodium dihydrogen phosphate 
that had been diluted with water to reduce its P 205 content to 20%. 
The tensile strengths of these samples are listed in Table V. 
The strength of the (1170) bicrystals decreased when the curing 
time was reduced from 24 to 3 hours. On the other hand, it appears the 
longer curing time may cause the (0001) bicrystals to be weaker, pro-
vided they are handled very carefully until after they have been fired. 
Thus, it appears that it takes longer for the aluminum required to form 
the bond to go into solution from the (1120) faces than it does from the 
(0001) faces. This may be due to the fact that the (0001) face has a 
higher aluminum packing factor than the (1170) face. The reason for the de-
crease in strength of the (0001) bicrystals with increasing curing time 
is unknown. However, one possibility is that after 3 hours curing, the 
bonding phase produces Al(PO4 ) 3 when it is fired and that after 24 hours 
curing the bonding phase produces A1PO4 when it is fired. These results 
also tend to confirm the fact that a stronger bond is formed between 
(1170) faces than (0001) faces when sodium dihydrogen phosphate is used 
as the bonding agent (see Table II). 
In a further attempt to develop a method of reusing the alumina 
crystals, two additional sets of samples were prepared. Both were bonded 
with sodium dihydrogen phosphate and cured 24 hours under a 100 gram load 
at room temperature. The first set was produced by cutting a used crys-
tal in half on a Buehler Limited Isomet Low Speed Saw using a Lunzer 
Industrial Diamond 4 x 0.012 x 1/2" blade. The two halves were then 
bonded together without any further finishing treatment. The second 
set was prepared from used crystals that were polished on 180, 240, 320 
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Table V. Effect of Curing Time on the Tensile Strength of Sodium 























s = 46.3 
24 (0001) 24.2 
24 (0001) 51.7 
24 (0001) 62.9 
24 (0001) 35.5 
5Z = 43.6 
s = 17.1 
3 (1120) 67.5 
3 (1120) 33.8 
3 (1120) 51.7 
3 (1120) 51.7 
3 (1120) 50.8 
i = 51.1 
s = 11.9 
3 (0001) 0* 
3 (0001) 0* 
3 (0001) 0* 
3 (0001) 116.7 
3 (0001) 95.3 
= 106.0 
*Failed during handling, before firing. 
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and 600 grit SiC papers. The tensile strengths of these samples are 
listed in Table VI. 
Comparison of these results with those in Table V clearly indicates 
the importance of surface finish on the bicrystal tensile strength. For 
both the (1120) and (0001) bicrystals, the tensile strength increases 
(Table VII) as the surface finish is improved (diamond sawed -4- polished -+ 
new). It should also be noted that the (1120) bicrystals were stronger 
than the (0001) bicrystals for equivalent surface finish 	(Table VII) 
when NaH2P0• 20 (20% P205) was used as the bonding agent. 
A series of bicrystals were made to investigate the effect of ro-
tational mismatch on the strength of (112-0) bicrystals. These bicrystals 
were bonded with sodium dihydrogen phosphate (20% P205) and cured under a 
100 gram load for 24 hours at room temperature. After curing, they were 
fired at 1500°F for 4 hours. The alignment jig used produced bicrystals 
whose mismatch angle was within + 2°. The tensile strengths of these bi-
crystals are listed in Table VIII. The used-polished samples were pre-
pared using the polishing technique described above. 	The results 
are also shown graphically in Figure 25. 
These results indicate that the tensile strength decreases as the 
rotational angle is increased from 0 to 90° and then increases back to 
approximately its original level as the angle of rotation is further 
increased from 90 to 180°. 
Since the load per unit area during the curing cycle varied by a 
factor of two as the amount of rotation was varied, an experiment was 
carried out to determine if the low strength of the intermediate samples 
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Table VI. 	Effect of Surface Finish on the Tensile Strength of Alumina 







(1120) Diamond Sawed 56.2 
(1120) Diamond Sawed 40.9 
(1120) Diamond Sawed 56.2 
(1120) Diamond Sawed 8.4 
(1120) Diamond Sawed 60.2 
(1120 Diamond Sawed 55.3 
= 46.2 
s = 19.7 
(00 01) Diamond Sawed 21.4 
(0 001) Diamond Sawed 18.4 
(0 001) Diamond Sawed 17.0 
0001) Diamond Sawed 18.0 
0001) Diamond Sawed 17.1 
(0001) Diamond Sawed 18.0 
(0001) Diamond Sawed 21.4 
(0001) Diamond Sawed 19.4 
= 18.8 
s = 1.7 
(1120) Polished 48.5 
(1170) Polished 64.5 
(1170) Polished 23.8 
(1120) Polished 88.6 
(1120) Polished 80.9 
(1120) Polished 67.3 
(1170) Polished 41.3 
T = 59.3 
s = 22.8 
(0001) Polished 22.1 
(0001) Polished 56.5 
(0001) Polished 83.9 
(0001) Polished 17.7 
(0001) Polished 47.9 
(0001) Polished 11.0 
= 39.9 
s = 28.0 
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Table VII. Effect of Surface Finish and Crystal Faces Bonded on the 
Average Tensile Strength of Bicrystals Bonded with Sodium 
Dihydrogen Phosphate (20% P205). 
Surface 
Finish 
Average Tensile Strength (kgf) 
Crystal Faces Bonded 
(1120) 	(0001) 
Diamond Sawed 46.2 18.8 
Polished 59.3 39.3 
As-Received 130.8 43.6 
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Table VIII. Effect of Rotational Mismatch on the Tensile Strength of 
(1120) Alumina Bicrystals Bonded with Sodium Dihydrogen 
Phosphate (20% P205). 
Rotational 
Mismatch 
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Figure 25. Effect of Rotational Mismatch on the Tensile Strength of 
(1120) Alumina Bicrystals. 
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(45 ° - 135°) was related to the load during curing. Three 90° samples 
were prepared as before with loads of 100, 64, 50 grams, respectively. 
None of these bicrystals were strong enough to be tested. 
Thus, it appears that the strength pattern observed in Figure 25 
is the result of the two-fold symmetry of the (1170) face. At this 
time, it is not clear whether the difference in thermal expansion with 
direction or bond misalignment is the cause of tensile strength minimum 
observed for the 90° rotational mismatch bicrystals. 
The effect of a combination of both rotational and tilt mismatch was 
investigated by bonding the (1120) and (0001) faces of alumina crystals 
together with sodium dihydrogen phosphate (20% P 205 ) to form a bicrystal. 
Standard (1170) and (0001) bicrystals were also prepared for comparison 
purposes. The crystals utilized for this experiment were used crystals 
that were repolished as described above. Each bicrystal was cured under 
a 100 gram load for 24 hours and then fired at 1500°F for 4 hours. The 
tensile strengths of these bicrystals are listed in Table IX. 
The relatively high strengths of the (1120) and (0001) bicrystals 
suggests that the crystals used for this experiment had a good surface 
finish. The combination of rotational and tilt mismatch in the (1120) 
(0001) bicrystals reduced their strength to almost zero. Again, it is 
not know whether this decrease in strength was caused by differences 
in thermal expansion with direction or variations in ion density (bond 
misalignment). 
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Table IX. Effect of Rotational and Tilt Mismatch on the Tensile Strength 
of Alumina Bicrystals Bonded with Sodium Dihydrogen Phosphate 
(20% P205 ). 



























































When phosphoric acid is reacted with the faces of alumina single crys-
tals (room temperature curing followed by firing at 1500°F), it appears 
that star-shaped dendritic crystals of Al(PO 4 ) 3 and A1PO4 are only formed 
on the surface of low index relatively dense packed faces such as (0001), 
(1100) and (1120). It also appears that the whitish dendritic stars (A1PO 4 ) 
occur most frequently on the (0001) faces. This may be due to the fact 
that the (0001) face has a higher aluminum ion packing factor than the 
(1100) and (112.0) faces. The crystals formed on the surfaces of alumina 
single crystal faces that did not correspond to a low index plane or on 
fine grained polycrystalline alumina cutting tools tended to be roughly 
equiaxed. 
When phosphoric acid was reacted with the (0001) face of quartz at 
1500°F, the reaction products appeared to be plate-like crystals. However, 
the reaction products formed when phosphoric acid was reacted with fused 
silica under the same conditions had an amorphous looking spherical morph-
ology. The surface of the fused silica samples appeared to have been at-
tached more severely than either the quartz or alumina samples. 
These results tend to indicate that the morphology of the reaction 
products produced when a drop of phosphoric acid is reacted with the sur-
face of an oxide sample are controlled by whether the sample is amorphous 
or crystalline. If the sample is a single crystal, the reaction product 
morphology appears to be related to the atomic density of the face with 
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which the phosphoric acid is reacted. Fine grained polycrystalline samples 
and single crystal faces that are not low index planes tend to produce 
similar reaction product morphologies. 
The strength of (1120) alumina bicrystals bonded with sodium dihydrogen 
phosphate (20% P205) increased when the room temperature curing time was 
increased from 3 to 24 hours. On the other hand, it appears the longer 
curing time may 	cause 	the strength of (0001) alumina bicrystals t 
decrease. 	This suggests that it takes longer for the aluminam required 
to form the bond to go into solution from the (112.0) faces than it does 
from the (0001) faces. There is also evidence that the bonding phase pre-
sent in the (0001) bicrystals may change from Al(PO 4 ) 3 to A1PO4 as the 
curing time is increased. 
The tensile strength of (1120) and (0001) alumina bicrystals bonded 
with NaH 2 PO4 -H 20 (20% P 205 ) increased as the surface finish of the single 
crystal faces was improved. The tensile strength of (1120) alumina bi-
crystals bonded with sodium dihydrogen phosphate or Glass H are greater 
than for (0001) bicrystals produced under the same conditions from crystals 
with equivalent surface finishes. 






20 (20% P205) 
was varied from 0 to 180°, the tensile 
strength decreased as the angle was increased from 0 to 90° and then in-
creased back to approximately its original level when the angle was in-
creased from 90 to 180°. It appears that this strength pattern is the 
result of the two fold symmetry of the (1120) faces. At this time, it 
is not clear whether the difference in thermal expansion with direction 
or bond misalignment is the cause of these tensile strength variations. 
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A combination of both rotational and tilt mismatch was achieved by 
bonding (1120) and (0001) alumina crystal faces together with sodium di-
hydrogen phosphate (20% P 205 ). The combination of rotational and tilt 
mismatch in the (1120)(0001) bicrystals reduced their tensile strength 
to almost zero. Again, it is not known whether this decrease in strength 
was caused by differences in thermal expansion with direction or variations 
in ion density (bond misalignment). 
The production of strong phosphate bonded bicrystals requires a good 
surface finish on the crystal faces being bonded. The load applied during 
room temperature curing must also be evenly distributed over the bond area 
so the bond thickness will be uniform. In addition, it appears that in 
order to obtain maximum strengths it is necessary to minimize both rota-
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FUNDAMENTAL INVESTIGATION OF PHOSPHATE BONDING 
By Morteza Soltani
1 
 and James F. Benzel
2 
ABSTRACT 
This investigation primarily utilized single crystals to study phos-
phate bonding. This eliminated surface area and particle shape as varia-
bles and allowed the effect of crystallographic orientation to be evalua-
ted. The morphology of the reaction products produced when H 3 PO4 was 
reacted with alumina single crystals was related to the crystal face 
index. Star-shaped dendrites formed on low index faces and equiaxed 
crystals formed on faces that did not correspond to low index planes and 
polycrystalline samples. The tensile strength of (1170) and (0001) alumina 
bicrystals increased as their surface finish was improved. The tensile 
strength of (1170) alumina bicrystals bonded with NaH 2 PO4 •H2 0 or Glass H 
are greater than (0001) bicrystals produced under the same conditions. 
The tensile strength of (1120) alumina bicrystals bonded with NaH2 PO4 •H 2 0 
varies with the amount of rotational mismatch between the crystals. 
Strength maximums occured at 0 and 180° and a minimum at 90°. It appears 
this strength pattern is related to the two fold symmetry of this plane. 
Combination of both rotational and tilt mismatch reduced the strength of 
(11 -20)(0001) bicrystals to almost zero. The strength decreases associated 
with these types of bicrystal mismatches could be related to differences 
in thermal expansion with direction or bond misalignment. 
1 Graduate Research Assistant 
2Professor of Ceramic Engineering 




Phosphoric acid and acid phosphate compounds were first used as bin-
ders for dental materials and refractories shortly after the turn of the 
century. In addition to a wide variety of oxides and silicates, a number 
of other materials such as glasses, metal halides, metal hydrates and 
metals have been formed into shapes using phosphate binders. 
Almost all of the phosphate bonding investigations reported to data 
utilized finely powdered materials or mixtures of fine grained materials 
and polycrystalline aggregates. The only known exception has been the 
use of a phosphate binder system to join moderately large mica single 
crystals to produce larger and thicker mica sheets for electronic appli-
cations. 
The objective of this investigation was to achieve a better under-
standing of the mechanisms of phosphate bonding. The uniqueness of the 
experiments is that they were based on studying the joining together of 
two single crystals by phosphate bonding rather than studying the pro- 
perties of polycrystalline masses held together by phosphate bonds. The 
use of single crystals in these experiments allowed the elimination of 
variables such as surface area and particle shape and also permitted the 
investigation of the effect 	crystallographic orientation plays in 
phosphate bonding. 
1 1 
The availability of this type of fundamental information could lead 
to the production of better and longer-lasting refractories. Since many 
of the currently used phosphate bonded refractories contain alumina, 
chrome oxide and zirconia, improving their service life would reduce the 




In 1950, Kingery published a comprehensive literature review (1) 
and a fundamental study 	(2) 	on the phosphate bonding of refractories. 
The purpose of this section is to summarize the fundamental information 
cited or reported in these two papers and to outline subsequent progress 
that has been made toward understanding phosphate bonding. 
Kingery's literature search 	(1) 	indicated that three major 
methods of forming phosphate bonds had been identified. They were: 
(1) reaction of phosphoric acid with siliceous materials, (2) reaction 
of phosphoric acid with oxides, and (3) the direct addition or formation 
in situ of acid phosphates. Cold setting (room temperature) as well as 
heat setting refractory bonds were described but very little fundamental 
information about these materials was found in the pre-1950 patent or 
general literature. 
Dental literature indicated that zinc oxide based cements were 
crystalline 	(3 - 4) 	and that the bond was primarily dibasic 
zinc phosphate (ZnHPO4.3H20). A hard white dental cement formed from 
powdered alumina-lime-silica glass and phosphoric acid (3 - 5) 
was reported to be bonded by an amorphous silica gel formed by a solution 
of about 30% of the glass. 
Kingery's systematic study 	(2) 	of a large number of metal oxide- 
phosphoric acid reactions at room temperature indicated three distinct 
classes of reactions: (1) acidic and chemically inert oxides do not react, 
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(2) strongly basic oxides react violently to form porous friable struc-
tures, and (3) weakly basic and amphoteric oxides react but not all of 
them form bonded structures. 
All of the reactions in the third classification which produced 
cement-like materials contained mono- and di-basic phosphates [Mx (H2PO4)y 
 and Mx (HPO4 ) .0, whereas no acid phosphates were detected in the similar 
non-cohesive mixtures. This led Kingery to conclude that acid phosphates 
act as the bonding media in cold-setting phosphate cements. He also con-
cluded, because of the number of different oxides involved, that this was 
a general property of hydrogen phosphates rather than one particular chem-
ical compound. 
Comparison of bars (90 w/o fused Al20 3 and 10 w/o kaolin) bonded with 
phosphoric acid or phosphoric acid containing one of a number of cation 
additions 	(3) 	indicated that small weakly basic or amphoteric ions 
such as Al +++ , Be++ , Fe+++ and Mg++ increased the bonding power of phos-
phoric acid and that large or strongly basic ions such as Ba ++ , Ca++ and 
Th+++ decrease its effectiveness. Based on these results, Kingery con-
cluded that weakly basic cations having a moderately small ionic radii 
were necessary to optimize the bond strength by allowing the formation of 
a somewhat variable and flexible partially non-ordered or glassy struc-
ture. The larger more basic cations tend to have higher coordination 
numbers which prevent the formation of flexible connected polyhedra struc-
tures, resulting in more ordered structures which results in lower bond 
strengths. 
Heat treatment of bars (92.85 w/o fused Al 203 and 7.15 w/o ball clay) 
bonded with 7.15 w/o mono-aluminum phosphate 	(2) 	to various temperatures 
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produced the unusual result that all of their room temperature MOR's were 
greater than their dried strength. This lack of a temperature zone of 
weakness was attributed to the gradual loss of combined water and the 
gradual crystallization of the hydration products over a wide temperature 
range with no sharp rupturing effects. 
The first step in this process is the loss of combined water, which 
leads to the formation of an amorphous phase containing three moles of 
water (Al203•P205-3H20). This material crystallizes over a fairly wide 
temperature range (260-500°C) as additional water is lost. The resulting 
compound [aluminum metaphosphate, Al(P03)3] also forms a bond with the 
aggregate. 
When Kingery 	(2) 	reacted aluminum hydrate (Al20 3 •xH20) with phos- 
phoric acid no crystalline reaction products were detected. Thus, at room 
temperature, the bonding phase must have been amorphous. However, continu-
ous rate of weight loss measurements on heating clearly showed the charac-
teristic peaks for mono-aluminum phosphate. This suggests that the amorphous 
bonding phase may contain more water of hydration than mono-aluminum phos-
phate and that it crystallizes below 200°C as the result of a gradual 
dehydration process which results in the formation of mono-aluminum phos-
phate. 
In 1952, Kingery 	(6) 	demonstrated that mortars formed from fire 
clay grog, kaolin, and either mono-aluminum or mono-magnesium phosphate 
bonds produced excellent joints between half fire bricks fired at temp-
eratures between 105°C and 1500°C for five hours. The transverse strength 
of neat mortar bars bonded with mono-aluminum phosphate and cured at 105°C 
increased almost linearly as the percent phosphate bond was increased from 
2 to 12 w/o. 
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Gitzen et al. 	(7) 	in studying the phosphate bonding of sintered 
alumina grog found that higher bond strength was obtained with phosphoric 
acid than with the various forms of aluminum phosphate. Forming the acid 
in place by adding water to dry mixes containing phosphorous pentoxide 
(P205) also produced excellent bonding. The use of dry diammonium phos-
phate (HN4)2HPO4 to produce phosphoric acid in situ resulted in weaker 
bond strength and production of ammonia during the casting operation. 
When castables were prepared using tabular alumina and phosphoric 
acid, it was necessary to heat-set them by heating at 600 to 800°F. These 
authors (7) 	thought the bonding process consisted of dehydration of 
orthophosphoric acid (H 3PO4 ) at 416°F to form pyrophosphoric acid (H 4P20 7 ) 
which on continued heating at 600 to 800°F reacts with the alumina to form 
aluminum phosphate (A1PO4). They attributed the loss of strength observed 
between 2000 and 2800°F to decomposition of aluminum phosphate to alumina 
and P205. 
By substituting Bayer alumina for some of the tabular alumina, 
they produced castables which developed an initial cold-set at room temp-
erature. 
To investigate the effect of the inversion of the a - B cristobalite 
form of aluminum phosphate, test bars of an alumina ramming mix bonded 
with phosphoric acid were heat treated 20 hours at 2400°F 	(7). 	No 
decrease in strength occurred even after the bars were cycled through the 
inversion temperature 300 times. 
Sheets et al. 	(8) 	suggested the following scenario for the 
phosphate bonding of alumina: 
"Initially, a trivalent phosphate anion is present. As the 
acid reacts with the alumina, covalent polymerization occurs. 
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This results in bivalent PO4 units which will become 'ends' 
in chain polymerizations. Two of these can fuse to form a 
tetravalent pyrophosphate. 
As the reaction proceeds, PO4 units form with only one 
formal charge remaining. These units may be called 'mid-
dles.' One unit, terminated by two of the previously 
formed 'ends' gives a family of linear polyphosphates. 
The next step in the development of the bond comes from 
PO4 groups having no formal charge but capable of forming 
'branches.' Branching, such as is proposed here, could 
give rise to a sheet structure. 
The foregoing, 'ends,' middles,' and 'branches' involve 
only the phosphorous and oxygen atoms. To explain the 
unusual properties of phosphated-bonded alumina, one 
would expect the Al atom to become involved in these reac-
tions. Structural chemists believe in the formation of 
'super branches' which are capable of 3 dimensional growth. 
Thus, phosphate bonding can be viewed as a hetropolyanion-
ization process leading to the formation of a strong oxygen 
polyhedral structure." 
Rickles' 	(9) 	investigation of the reaction between aluminum 
hydroxide and phosphoric acid (25-90°C) determined that the reaction pro-
ducts of this system were a mixture of amorphous mono-aluminum phosphate 
and a crystalline solid having the chemical composition 3Al20 3 .2P205 .8H20. 
A direct correlation between the amount of amorphous mono-aluminum phos-
phate and bond strength was found. This was attributed to its non-uniform 
structure and bonding. When the molar ratio of Al(OH) 3 to H3PO4 was 1:3 
only amorphous mono-aluminum phosphate was formed. The addition of alumina 
to the reaction mixture in the ratio of 3:7 with respect to aluminum hydrox-
ide [Al 203:Al(OH)3] produced the highest tensile strength and decreased 
porosity. He also determined that the reaction between zirconium oxide 
and phosphoric acid produced zirconium pyrophosphate which maintained high 
strength at 1300°C. 
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Lyons et al. 	(10) 	suggested the following reaction sequence 
for phosphoric acid with high-alumina refractory mixes: 
Al203 + 6H3 PO4 	2A1(H2 PO4 ) 3 + 6H 2 0 	 (1) 
Al(H2PO4)3 S AlPO4 • xH2O + 2H3PO4 	 (2) 
Al(H2PO4 ) 3 2570c Al 2 (H2P 207 ) 3 + 3H20 	 ( 3 ) 
Al2(H2P207)3 
500°C 
 [Al(P0 3 ) 3 j x + 3/2 x H 2O 	 (4) 
The Al(H 2 PO4 ) 3 is water soluble and is the bonding phase 	(11) 	in two 
senses: (1) its sticky, viscous nature at room temperature, and (2) as a 






in the cured refractory. 
If the reaction can be slowed or stopped after the first reaction the 
refractory mixes would remain workable over a long period of time and would 







. Addition of oxalic acid to act as a sequestering 
agent to hold aluminum in a soluble form extended the storage life of 
ramming and plastic mixes to six months and longer (11). 	These ex- 
periments confirmed the theory that the setting of phosphate-bonded alumina 
refractories is caused by the precipitation of insoluble aluminum phos-
phates. 
Lyon et al. 	(12) 	investigated the bonding of magnesia refrac- 
tories with sodium phosphate glasses cured at 250°F. They found that as 
the average chain length (6-50) of the glass and the amount of bond added 
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were increased, room temperature MOR's increased and hot MOR's decreased. 
The shorter chain length (1-3) crystalline sodium phosphates gave poorer 
cold and hot MOR's than the glassy phosphates. 
It was believed 	(12) 	that glassy phosphate bonding was the 
result of degrading these materials to orthophosphoric acid or to ortho-
salts during the curing cycle. The acid component then reacts with the 
magnesia to form the bond. 
Samples of Mg0 mixed with the phosphate glasses and sufficient water 
to form a paste were heat treated and x-ray diffraction patterns run. 
Similar patterns were obtained for samples heat treated at the same temp-
erature irrespective of the glass chain length. The 125°F patterns con-
tained lines for magnesium orthophosphate, which confirmed the degrada-
tion of the glasses. The 950°F material was composed mainly of amorphous 
material and the 2200°F samples showed strong crystalline orthophosphate 
lines plus a large amount of noncrystalline material. These results suggest 
that the bonding of Mg0 between 500 and 2200°F is the result of amorphous 
phosphate glasses. As 2200-2300°F is reached the glasses begin crystal-
lizing to form Mg 3 (PO4 ) 2 . Lyon et al. 	(12) 	concluded that the loss 
of strength observed in this temperature range indicated that Mg 3 (PO4 ) 2 
 is not a bonding agent. 
Bremser and Nelson 	(13) 	used a mixture of ammonium dihydrogen 
phosphate and monofluorophosphoric acid to produce low temperature bond-
ing (260°C) of stabilized and unstabilized zirconia. The MOR's of the 
calcia stabilized bars were higher than those of unstabilized bars from 
room temperature to =1200°C where a liquid formed in the stabilized bars. 
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X-ray diffraction indicated that after being heated to 1240°C the un-
stabilized bars contained only monoclinic zirconia and zirconium pyro-
phosphate. However, analysis of the stabilized zirconia bars indicated 




2 was present in addition to zirconium pyrophosphate. 
A sharp decrease in the MOR of the stabilized bars was observed 
between 200 and 400°C but between 400 and 600°C the strength returned 
to about its original value (3500 psi). A second decrease in strength 
occurred between 600 and 900°C; however, the strength again recovered 
(3000 psi) at 1000°C. Above 1000°C the strength decreased with increas- 
ing temperature until liquid formed at about 1200°C. The strength of the 
unstabilized bars remained fairly constant (1500-1900 psi) from room 
temperature to 1100°C. Between 1100 and 1240°C there was some decrease 
in strength; however, the specimens showed brittle fracture. The irregular 
nature of the MOR - temperature curve for the calcia stabilized zirconia 
bars was attributed to the formation of one or more intermediate calcium 
compounds which result in the formation of a double phosphate of calcium 
and zirconium [CaZr(PO 4 ) 2 ] at about 1200°C. 
Reaction studies 	(13) 	showed the following reaction series for 
unstabilized zirconia reacted with monofluorophosphoric acid alone or in 
the presence of ammonium dihydrogen phosphate: the acid dissociates re-
leasing fluorine, which leads to the formation of an intermediate zir-
conium pyrophosphate. Zirconium pyrophosphate (ZrP 207 ) is stable to 
1380°C where it begins to lose P 205 forming zirconyl pyrophosphate 
[(Zr0) 2 •13 20 7 ], which is stable to 1600°C. 
Foessel and Treffner 	(14) 	using a glassy sodium polyphosphate 
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(chain length of 21), a lime-bearing addition as a second binder, and 
selected magnesite aggregates produced refractories having 2700°F 
MOR's greater than 2000 psi. By adjusting the CaO:(P 205 + Si02 ) ratio 
of a mix composition containing an aggregate which had low strength at 
2700°F, they produced brick with hot MOR's above 3500 psi at 2700°F. 
The optimum CaO:(P 20 5 + Si02 ) ratio was around 1:1. Bricks of this type 
were at least twice as strong as direct bonded magnesite-chrome bricks 
up to 2850°F. 
Similar results were obtained in magnesite-chrome refractories. 
However, it was found that as the Mg0 content decreased the optimum CaO: 
(P 20 5 + Si02 ) ratio increased from about 1:1 to about 1.25:1 for 60% 
Mg0 class brick. Conventional and high fired phosphate-bonded compositions 
were also superior to phosphate-free equivalents. 




) ratio for maximum 
hot MOR 	(14) 	in magnesite refractories suggested that the bond might 
consist of a single well-defined compound. Venable and Treffner (15) 
investigated this theory by reacting a glassy long-chain sodium polyphos-
phate polymer with the various components present in these magnesite 





) was the major high temperature bonding complex in these 
compositions. 
Exploratory experiments 	(15) 	showed that Na 20.2Ca0•P205 softened 
to a viscous liquid between 1500 and 1600°C. However, before complete 
melting occurred sodium was lost and the bond composition shifted toward 
highly refractory whitlockite (3CaO.P 205 ), melting point 1775°C. The 
presence of silica results in the formation of calcium silicophosphates 
21 
at the expense of the sodium calcium phosphate bonding phase. Therefore, 
for high hot strengths in unburned magnesite brick the silica content 
should be kept low and the CaO:P 205 should be approximately equal to 
unity. 
O'Hara et al. 	(16) 	summarized the phase conversions reported 
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 molar ratio of z2.3. It was generally agreed that the major 
'  
phase in this binder system is AlH 3 (PO4 ) 2 .3H20, which on heat treatment 
is converted to the berlinite and cristobalite forms of A1P04 
and vari-
scite [Al(H 2 PO 4 ) 3 ]. Variscite is a highly hydroscopic phase which be-
comes amorphous above 570°F. Hydrated aluminum phosphates crystallize 





which in turn forms a metaphosphate glass between 2000 
and 2370°F. The glass decomposes above 2370°F to form A1PO 4 with vapori-
zation of P 205 . Aluminum orthophosphate is isostructural with silica and 
its common polymorphs. 
The physiochemical changes produced by heat treatment of chromium 
phosphates and chromium aluminum phosphate binders indicate that they 
differ from aluminum phosphate binders by retaining an amorphous phase 
over a larger temperature range (23 - 24). They also may produce 
stronger bonds (25). 
The diametral tensile strength of alumina specimens bonded with 
phosphoric acid or a mixture of phosphoric acid and chromic acid (16) 
were similar and increased with acid content for curing temperatures of 
700 and 1500°F. The strength of specimens fired at 2000°F did not vary 
with acid content but those containing chromium were 2 2.5 times stronger. 
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Chromic acid containing specimens that had been cured at 700°F had 
lower overall thermal expansion when heated to 1500 or 2000°F than speci-
mens bonded only with phosphoric acid. The isothermal expansion (1500°F 
for 4 hours) of the chromium containing specimen was also much lower. 
The sluggish isothermal expansion was attributed to the transformation 
of the berlinite to the tridymite form of A1PO 4 (1470°F). Cooling curves 
for specimens not containing chromic acid showed inversions corresponding 
to the B to a inversions of the tridymite and cristobalite forms of A1PO4 
 for specimens heated to 1500 and 2000°F, respectively. 
These findings suggest that the reason phosphoric acid bonded alumina 
specimens fired to 2000°F are weaker than ones bonded with a mixture of 
chromic and phosphoric acids is that the presence of chromium ions reduce 
the amount of A1P0
4 
formed which prevents the structure from being dis-
rupted when it is cooled through the 0 to a inversions. 
O'Hara and his coworkers 	(16) 	investigated the microstructure of 
these types of bonds by placing a drop of phosphoric acid or a mixture of 
phosphoric and chromic acid on the polished surface of polycrystalline 
alumina specimens which were then cured or fired. Sections of these 
specimens were then examined using a scanning electron microscope. 
Their micrographs indicate that the aluminum-phosphate bond material 
developed at 700°F consisted of three distinct types: (1) a fine particle 
crystalline material at the bond-substrate interface and at phase bound-
aries, (2) an intermediate phase of larger particle size, and (3) an outer 
phase which appeared to be amorphous. 
The specimen heated to 2000°F showed only two distinct phases (1) a 
fine particle crystalline phase at the bond-substrate interface and 
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(2) an outer layer that appeared to be glassy. There was a large separa-
tion between the bond and the substrate. They suggest that the devitri-
fication of the bond near the substrate interface is due to a gradient 
in the bond composition. The higher alumina content of the bond material 
near the interface would most likely form A1PO 4 , whereas, bond material 
farther away from the substrate might form Al(P0 3 ) 3 . 
The specimen produced by heating a mixture of the two acids (1:1 
weight ratio of P205 to Cr03 ) on a substrate to 2000°F produced a dif-
ferent reaction product morphology. Only one phase was observed. It 
consisted of a uniform agglomerate of small, most likely crystalline, 
particulate material. No attempt was made to identify any of the 
observed phases. 
In a review, Cassidy 	(26) 	discussed several of the new phosphate 
bonds that have been developed. Aluminum chlorophosphate hydrate (27) 
is a dry powder developed especially for use in castable refractories. It 
is highly soluble in water and decomposes to form A1PO 4 on heating without 
formation of any intermediate metaphosphates. The simple thermochemistry 
of aluminum chlorophosphate hydrate allows it to be used in refractories 
which are subjected to rapid heating. Mixtures of aluminum phosphate 
	
and urea phosphate 	(28) 	have been used as a dry bond for heat setting 
alumina castables. 
Fisher 	(29) 	found that at temperatures up to 2000°F increasing 
the level of phosphate binder present in high alumina plastics produced 
increases in their hot MOR's. At higher test temperatures this trend 
was still measurable but was much less pronounced. He also determined 
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that bauxite based phosphate bonded plastics were as strong at 2000°F 
and stronger at 2500°F than similar tabular alumina plastics. 
The type of phosphate binder used did not have a significant effect 
on the level of hot MOR achieved between 1500 and 2500°F. This was 
unexpected in view of the different way in which they form the bond during 
the curing process. The hydrated aluminum phosphate [A1H 3 (PO4 ) 2 .3H 20] 
was formed with all three types of binder, but its mode of formation 
varied. In the phosphoric-acid-bonded plastics, the alumina required to 
form this compound is supplied by solution of fine grained alumina. In 
the plastics bonded with stoichiometric aluminum phosphate this compound 
can be formed directly from the binder so there is essentially no reaction 
between the binder and the alumina. The acid-rich aluminum phosphate 
should react mildly with the alumina since it contains the ingredients 
for both the hydrated aluminum phosphate and free phosphoric acid. 
Gonzalez and Halloran 	(30) 	determined that the reaction products 
of orthophosphoric acid and alumina at temperatures up to 500°C consisted 
of a mixture of aluminum phosphates that vary depending on the type of 
alumina, concentration, reactions time and temperature. The extent of 
the reaction and the relative yield of each aluminum phosphate were shown 
to be related to the relative activity of the system. The relative 





in the system. The fraction of alumina reacted increased with 
increasing relative activity and temperature. 
Mixes with low relative activity values tend to yield aluminum 
phosphates with low Al:P ratios [i.e., A1(H 2 PO4 ) 3 , AlH2 P 30 10 .2H 20 and 




) are formed in mixes of high relative activity. 
Condensed phosphates such as Al(P0 3 ) 3 were shown to react with 
excess alumina at temperatures between 500 and 700°C. Thus, reaction 
products in the vicinity of alumina particles would be expected to form 
A1P0
4 
by solidstate reaction. 
Alum-derived alumina containing metastable y-Al 203 reacted in high 
Al 20 3 :P 205 ratio mixes to form large amounts of the cristobalite form of 





reacted at a slower rate and produced only 
amorphous reaction products. 
Since Kingery's 	(1) 	literature review in 1950 the amount of 
published information on phosphate bonding has been greatly expanded. 
Chvatals' 	(31) 	1975 review which concentrated primarily on the 1965- 
1975 literature contained 222 references. Most of the effort represented 
by these publications has been devoted towards empirically investigating 
phosphate bonding materials and development of useful refractory products. 
The effect of variables such as temperature, particle size, concen-
tration, source of raw materials and time on the form and relative abundance 
of the reaction products present in a number of phosphate bonded systems 
have been investigated. However, there is still little fundamental physio-
chemical information about phosphate bonding in the literature. This is 
not surprising when the complexity of the multistep reactions, the difficulty 
in differentiation between the many possible reaction products and the fine 
grain sized polycrystalline nature of materials being bonded are taken into 
consideration. 
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Thus it appears that fundamental investigations on phosphate bonding 
should be performed on simple model systems. This investigation involves 
the use of single crystals to accomplish this goal. 
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EXPERIMENTAL PROGRAM 
This section describes the methods developed to orient single crys-
tals; the experiments carried out to investigate the reaction of phos-
phate bonding agents with fused silica and different crystallographic 
faces of single crystals; the development of methods to form phosphate 
bonded bicrystals and tensile testing procedures, the formation and test-
ing of aligned bicrystals of alumina and the investigation of the effect 
of rotational mismatch on the fired tensile strength of alumina bicrys-
tals. 
Single Crystal Orientation  
Many of the experiments carried out during this investigation re-
quired the determination of the crystal faces which were to be bonded 
together or reacted with phosphate bonding agents. Preuss (32) 
developed two Fortran IV computer programs designed to reduce the time 
required to accomplish single crystal orientations, using the conventional 
Laue back reflection method 	(33). 	A program called PLOMAX (34) 
was used to plot the back reflection Laue pattern for any desired orien-
tation. The unknown orientation was then determined using a program named 
COL 	(35) 	to analyze the Laue data. The two programs then allow the 
calculation of the amount of rotation necessary to translate the crystal 
to the desired orientation 	(36). 	These two programs were modified 
so they would run on our Cyber 730 computer system. Crystals of alumina, 
magnesia, and quartz were successfully oriented using this technique. 
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The optimum time for producing the required back reflection 
Laue patterns using CuKa radiation (35 kV and 20 mA) and 
3000 speed, Type 57 Polaroid film was found to be between 10 
and 20 minutes. 
The crystal faces referred to in the remainder of this report were 
all determined or checked using the above procedure. The sapphire single 
crystals 	(37) 	were purchased in the form of square rods with the 
sides consisting of (0001) and (1120) faces and the ends being (1700) 
faces. The back reflection Laue patterns for at least one face from 
each rod was determined to make sure that the orientation was the one 
desired. 
Reaction of Phosphate Bonding Agents with Different Crystallographic  
Facet of Single Crystals and Fused Silica  
O'Hara et al 	(16) 	investigated the microstructures formed 
when a drop of phosphoric acid or a mixture of phosphoric and chromic 
acid was placed on the polished surface of polycrystalline alumina spe- 
cimens and fired (see the Background Section for a summary of their work). 
Similar experiments utilizing 	single crystals and fused silica rods 
were carried out during this investigation. 
A drop of phosphoric acid (61 % 	P205) or a 1:1 mixture of phos- 
phoric acid (61 % 	P205) and chromic acid (61 % 	Cr03) was placed on 
lapped surfaces of alumina, fused silica and quartz specimens. The 
alumina and quartz specimens were single crystals. The acid solutions 
were placed on the (0001) face of the quartz crystals. The orientation 
of the alumina crystals were not determined, but was perpendicular to 
the surface of the grown rod (1/4" diameter). 
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The acid solutions were dried at about 80°C for at least six hours 
and then fired at 1500°F (815°C). After cooling, a diamond saw cut was 
made about two-thirds of the way through the sample in the face opposite 
from the one on which the reaction had taken place. The reaction face 
was then fractured by gently tapping a wedge placed in the cut. 
The alumina, fused silica and quartz samples reacted with phosphoric 
acid at 1500°F and the alumina crystal reacted with the chromic-phosphoric 
acid mixture at 1500°F were coated with gold and examined with an SEM. 
The surface of the alumina-phosphoric acid reaction area was made up 
primarily of dendrites (fig. 1), which appeared to be crystalline. Below 
the dendrites, there was a layer that contained a small amount of porosity 
(fig. 2). Beneath this layer, there may be another very thin layer of 
material. However, the structure observed could also have been the re-
sult of acid roughening of the surface of the alumina crystal. In some 
locations, a crack between the porous layer and the thin layer or the 
roughened alumina crystal were observed (fig. 2). 
The reaction products formed when the chromic acid mixture was reacted 
with an alumina crystal were friable and appeared to be very porous. The 
top surface of these reaction products consisted of many small, needle-like 
crystals. It also appeared that some of the reaction layer was either bro-
ken off or crushed during the cutting and mounting procedure. Below this 
surface, a very porous amorphous appearing layer was present (fig. 3). This 
layer appeared to be tightly adherent to the surface of the alumina crys-
tal as no cracks were observed. 
The top surface of the phosphoric acid-quartz reaction products ap-
peared to be composed primarily of plate-like crystals (fig. 4). The 
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FIGURE 1. Dendrite crystals on surface of alumina crystal reacted 
with H3PO4 
at 1500°F (400X). 
FIGURE 2. Reaction product layer below dendrites (2500X). 
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FIGURE 3. Reaction product layer formed on surface of alumina 
crystal reacted with chromic phosphoric acid mixture at 1500°F (3500X). 
FIGURE 4. Top surface of reaction products on (0001) face of quartz 
crystal reacted with phosphoric acid at 1500°F (2500X). 
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material below this surface was granular in nature and appeared to be 
tightly bonded to the surface of the quartz. 
Some cracks developed in the quartz crystal when it was cooled 
through the a to a transition. The surface of the phosphoric acid-
fused silica reaction products was composed of amorphous looking spheres 
(fig. 5) and plate-like crystals that appeared to have grown out of the 
spheres (fig. 6). Below the surface, the coating was made up of the 
amorphous spheres with voids between the spheres. The surface of the 
fused silica sample appeared to have been attacked much more severely 
than either the quartz or the alumina single crystals. 
After the square alumina rods that were to be used for forming the 
phosphate bonded bicrystals were received, additional reaction experi-
ments were performed. The surfaces of these rods contained (0001), 
(1120), and (MO) faces. Drops of phosphoric acid were reacted with 
samples of each face at 1500°F in the same manner as described above. 
After cooling in the furnace to room temperature, the reaction face 
was fractured by gently tapping a wedge placed in a diamond saw cut made 
in the back face before firing. The fractured samples were then mounted 
on SEM stubs and sputtered with gold. 
The morphology of these alumina samples were examined with the SEM. 
At 100X, the (0001) face appeared to be primarily covered with whitish, 
star-shaped crystals on a gray crystalline background. A few grayish, 
star-shaped crystals were also observed to be composed of dendrites (see 
figures 7 and 8). These types of crystal morphologies were also seen on 
(1120) and (1T-00) faces. However, a smaller percentage of these sur-
faces were covered with the star-shaped crystals. 
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FIGURE 5. Reaction product layer formed on surface of a fused silica 
rod reacted with phosphoric acid at 1500°F (1500X). 
FIGURE 6. Plate-like crystals growing out of spheres shown in 
figure 5 (1500X). 
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FIGURE 7. Whitish star-shaped dendritic crystals on surface of reaction 
products produced by reacting H 3 PO4 with (0001) face of alumina at 1500°F 
(610X). 
FIGURE 8. Whitish and grayish-shaped dendritic crystals produced by 
reacting H 3 PO4 with (0001) face of alumina crystal at 1500°F (600X). 
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EDAX analysis of the whitish star-shaped crystals indicated that 
their Al:P ratio was 1:3. This suggests that they are composed of 
aluminum meta phosphate (A1(PO4) 3 ). This phase is reported to be the 
major phase present on the surfaces of the alumina (1) 	that had 
been heat treated above 500°C (932°F). 
EDAX analysis of the grayish star-shaped crystals and the grayish 
crystalline background material indicated an Al:P ratio of approximately 
1:1 (1:1.07), which suggests they are composed of monoaluminum phosphate 
(A1PO4). This compound can exist in several polymorphic forms (berli-
nite, cristobalite, or tridymite forms). The different growth morphologies 
of the gray MAP may indicate the presence of two of these polymorphs. 
In addition to the slightly different growth morphologies of the Al(PO4) 3 
 and A1PO4 (MAP) dendritic structures, at higher magnifications (figures 9 
and 10) it can clearly be seen that the MAP crystals contain much higher 
porosity. The flat interlocking MAP crystals covering the surface of 
the alumina appear to have nucleated at a central location and then to 
have grown outward until they encountered another group of crystals 
growing in a different direction. 
Similar morphologies were seen on the (11 -00) and (1170) faces. 
However, it appeared that the whitish dendritic stars occurred much 
less frequently than on the (0001) face. This may be due to the fact 
that the (0001) face has a higher aluminum packing factor than the 
(1T-00) and (1120) faces. 
The higher concentration of aluminum ions on the (0001) face appears 
to increase the amount of aluminum in the reaction products so that more 
A1PO4 and less A1(PO4)3 is produced. Whereas, the elongated MAP crystals 
covering the (0001) surface appear to be grown out from a central 
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FIGURE 9. Structure of aluminum meta phosphate [Al(PO 4 ) 3] dendrites 
(3200X). 
FIGURE 10. Porous morphology of monoaluminum phosphate (A1PO 4 ) dendritic 
structure (3200X). 
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location (figures 7 and 8), those covering the (1100) surface appeared 
to be more nearly equiaxed (figures 11 and 12). 
Alumina samples were cut from the sapphire rods so that (11 -02), 
(1122) and two random faces were exposed. The random faces were cut 
in such a manner that it is unlikely they correspond to any low 
index face. A drop of phosphoric acid was placed on each of these 
faces and they were then dried and fired at 15000 F as described 
above. The reaction products on the (1102) faces had morphologies similar 
to those observed on the (0001) faces, except that the star-like 
dendritic structures (fig. 13) appeared to contain more branching 
(less needle like). 	The aluminum phosphate structure formed on the 
(1122) face did not contain any of the star-like dendritic struc-
tures. This face was covered with roughly equiaxed grains (fig. 
14) that had a plate-like or even cubic substructure on portions of 
its surface (fig. 15). 
The structures formed on the two randomly oriented faces did not 
contain any of the large star-like dendritic structures (figures 16 
and 17). However, a few small dendrites were observed on one of them 
(fig. 16). 	Since these faces were prepared so that they most 
likely do not correspond to any low index face, it is reasonable 
to assume that they have relatively low aluminum packing densities. 
The fact that no large dendrite structures were formed suggests that 
large dendritic structures most likely only form on faces with high 
aluminum packing densities. The roughly equiaxed major grains shown 
in figure 17 are also covered with a plate-like substructure (fig. 18). 
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FIGURE 11. Nearly equiaxed crystals covering (TTOO) face of alumina 
crystal reacted with 11 3 1304 (1000X). 
FIGURE 12. Fractured alumina crystal with equiaxed crystals on 
(1100) face (250X). 
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FIGURE 13. Dendritic structure on face of (1102) alumina crystal 
reacted with H3PO4 at 1500°F (1250X). 
FIGURE 14. Aluminum phosphate reaction products on surface of (1122) 
face of alumina crystal reacted with H 3PO4 at 1500°F (250X). 
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FIGURE 15. Higher magnification of surface shown in figure 14 (1100X). 
FIGURE 16. Surface of reaction products on a random plane of an alumina 
crystal reacted with H 3 PO4 at 1500°F (250X). 
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FIGURE 17. Same as figure 16 except random plane was different (250X). 
FIGURE 18. Plate-like structure covering surface of grains shown in 
figure 17 (1600X). 
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The microstructures produced when phosphoric acid was reacted 
with a fine grained polycrystalline alumina was investigated by 
placing a drop of acid on an alumina cutting tool and then drying 
and firing them as described above. The average grain size of the 
cutting tool was <5pm. No dendritic structures were observed in 
the microstructure of these reaction products. The morphology 
consisted of a mixture of elongated, equiaxed and plate-like grains 
(figures 19 and 20). These results tend to support the theory that 
dendrites are only formed on low index high atomic density faces 
since the probability of low index faces being parallel to the sur-
face of the cutting tools is low. 
Comparison of the microstructures observed during this inves-
tigation with those observed when samples were cut and polished 
(16) 	appears to indicate that the observation of fractured 
surfaces instead of polished surfaces may give a better understand-
ing of phosphoric acid - alumina reaction product morphologies. At 
least some of the texture shown in the micrographs of the polished 
samples (16) 	is most likely the result of the polishing 
process. 
Attempts were made to determine the crystal structure of 
aluminum phosphate grains and dendrites removed from the surface 
of the fired samples. Enough electron diffraction spots were not 
obtained to allow the phases to be identified. 
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FIGURE 19. Surface of reaction product layer formed on the surface of 
an alumina cutting tool reacted with H3PO4 at 1500°F (500X). 
FIGURE 20. Plate-like grains on different area of alumina cutting tool 
shown in figure 19 (900X). 
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Development of Methods to Form Phosphate Bonded Bicrystals and  
Tensile Testing Procedures  
Preliminary experiments were carried out using on-hand alumina, 
magnesia and quartz single crystals. Bicrystals were produced using 
both phosphoric acid and sodium dihydrogen phosphate as the bonding 
agent. During these preliminary experiments, neither bond thickness 
nor crystal orientation were controlled. Samples cured at 2000°F (1093°C) 
for four hours were strong enough to be easily handled except for the 
quartz bicrystals which contained cracks which were formed due to the 
a F  (3 inversion. 
The sapphire single crystals used in the remainder of this study 
were 0.250 in. rectangular cross-section rods obtained from Saphikon 
Division of Tyco Laboratories, Inc. They had well oriented (0001), (1120), 
and (1TOO) faces exposed (± 30'). 
Preliminary attempts to form bicrystals using these single crystals 
were made using 85% H 3 PO4 (61% P205 ) as the bonding agent with bond thick-
nesses between 0.002 and 0.007" (before firing). In general, the strength 
of the bicrystals, bonded at 1500°F, was low and decreased as the thick-
ness of the bond was increased. Since the separation of the bicrystals 
before bonding could not be accurately controlled below 0.002" (using 
feeler gauges), a new series of bicrystals were formed under varying 
loads during the heat treatment process. These bicrystals were strong 
enough to be easily handled. Examination of these samples in the SEM 
indicated that their bond thicknesses were all less than 0.002". 
Three series of bicrystals were formed at 750°F, 1500°F and 2000°F. 
In each series, (0001) faces were bonded to (0001) faces and (1120) faces 
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were joined to (1120) faces using three different bonding agents and 
various loads. The three bonding agent solutions used were 85% H 3 PO4 
 (61.1% P205), NaH2P0•20 (30% P205) and Glass H (NaP03)20 (30% P205). 
Tensile strengths were determined using an Instron Universal Testing 
machine and a loading jig which had a double flexible joint at the top 
and a reservoir of Wood's metal at the bottom. The samples were tested 
by super-gluing the bicrystals to two aluminum attachment rods. One of 
these rods was threaded into the bottom of the flexible joint. The 
Wood's metal was then melted with a gas torch and the cross-head lowered 
until the lower rod was partially submerged in the molten metal. The 
metal was then allowed to solidify around the bottom rod. This system 
was designed to minimize misalignment so the bicrystal would be loaded 
in pure tension. However, as the molten metal solidified and then 
cooled, it tended to misalign the lower rod and to also stress the 
bicrystal, causing some of them to fail. 
The results obtained using this loading system and a cross-head speed 
of 0.1 cm/min. are given in table 1. These results showed that there was 
a positive relationship between bond strength and firing temperature. In 
general, the strength of the (0001) bicrystals was stronger than the 
(1170) bicrystals. The samples prepared with H3PO4 as the bonding agent 
were the weakest and those prepared with Glass H were the strongest. In 
every case except one where a comparison was possible, the samples cured 
under the higher load (200 gms.) were stronger. 
The bicrystals heat treated to 1500°F were selected for morphologi-
cal study after strength testing. The fracture morphologies of Glass H 
and NaH2PO4•120 bonded bicrystals were basically the same (figures 21 and 
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750 NaH2PO4 H2O 200 (0001) 20.9 
750 Glass H 100 (0001) 19.3 
1500 H3PO4 200 (0001) 21.5 
1500 NaH2P0•20 100 (0001) 77.0 
1500 NaH2P0•20 200 (0001) 83.0 
2000 NaH2P0•20 100 (0001) 65.0 
2000 NaH2PO4•H20 200 (0001) 89.0 
2000 NaH2P0020 100 (1170) 16.5 
2000 NaH2P0•20 200 (1170) 29.0 
2000 Glass H 100 (0001) 64.0 
2000 Glass H 200 (0001) 16.0 
2000 Glass H 300 (1170) 17.5 
Bicrystals that broke due to handling or during mounting in the loading jig have 
not been included. 
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FIGURE 21. Fracture morphology of NaH 2 PO4 •H2 0 bond between (0001) faces 
of alumina crystals fired at 1500°F (1200X). 
FIGURE 22. Fracture morphology of glass H bond between (0001) faces of 
alumina single crystals fired at 1500°F (1200X). 
48 
22), and showed that the bond was composed of interlocking cones that 
join the two faces of the bicrystals together. It also can be seen that 
voids existed between many of the cones and that the direction of frac-
ture was parallel to the bicrystal faces. The fracture morphology of 
H3PO4 bonded crystals was entirely different from what was observed when 
H3PO4 was fired on the surface of a crystal. In general, the H3PO4 bond 
appeared to be very porous and none of the dendritic structures seen on 
the crystal surfaces were observed. This porosity (similar to that in 
figure 10 and the fact that aluminum was available from two crystal 
faces suggests that the bonding phase formed from H 3PO4 was mono-aluminum 
phosphate. 
In an attempt to overcome the problems associated with the first 
loading jig, a new loading system was developed. This system utilized 
two steel cables to transmit the tensile forces from the Instron to the 
two eyelets attached to aluminum loading blocks to which the bicrystal 
had been super-glued. 
This new loading system was used to test a series of (1120) bicrys-
tals bonded with NaH 3P0• 20 (30% P 205). These bicrystals were placed 
under a 100 gram weight and allowed to cure at room temperature for at 
least 24 hours. They were then fired at 1500°F for four hours. Their 
room temperature strengths are listed in table 2. 
Based on the fact that all of these samples were stronger than any 
previously tested, our visual observation that the new system produced 
much better alignment during loading was confirmed. A second series 
of similar bicrystals was prepared (A-7 to A-8) using a 200 gram load 
during the 24 hour room temperature curing cycle. These bicrystals were 
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Table 2. - Tensile strength of alumina bicrystals bonded with NaH 2PO4 and 











A-1 100 (1120) New 100.9 
A-2 100 (1120) New 90.5 
A-3 100 (1120) New 93.5 
A-4 100 (1120) New 106.0 
A-5 100 (1120) New 117.6 
A-6 100 (1120) New 101.6 
T = 101.7 
s = 	9.6 
A-7 200 (1120) Used 32.5 
A-8 200 (1120) Used 33.7 
A-9 200 (1120) Used 42.2 
A-10 200 (1120) Used 64.0 
A-11 200 (1120) Used 42.9 
A-12 200 (1120) Used 40.7 
T= 	42.7 
s 	= 11.3 
B-1 100 (0001) Used 13.0 
B-2 100 (0001) Used 35.4 
B-3 100 (0001) Used 26.1 
B-4 100 (0001) Used 41.5 
B-5 100 (0001) Used 15.3 
= 	26.3 
s 	= 12.4 
B-7 100 (0001) New 41.5 
B-8 100 (0001) New 85.3 
B-9 100 (0001) New 43.3 
8-10 100 (0001) New 66.8 
B-11 100 (0001) New 98.4 
B-12 100 (0001) New 56.2 
_ 
x = 	65.3 
s = 22.9 
50 
prepared from crystals that had been previously used. Before being re-
bonded, they were lightly ground on 180, 240, 600 grit SiC paper and 
were then lightly polished using 1, 0.5 and 0.3 um alumina to remove any 
contamination. The tensile strengths of these samples are also listed 
in table 2. 	These samples were significantly weaker than the set pro- 
duced from unused crystals. 
In an attempt to determine if this strength decrease was the result 
of reusing the alumina crystals or was due to the increased load during 
curing, two additional series of bicrystals bonded with NaH 3PO4 •11 2 0 were 
prepared and fired. All of these samples were (0001) bicrystals cured 
under a 100 gram load and fired at 1500°F for four hours. The B-1 to 
B-5 samples were prepared from used crystals and the B-7 to B-12 samples 
from new crystals. Their tensile strengths are listed in table 2. 	Even 
though the new (0001) bicrystals were much weaker than the (1170) bicrys-
tals produced from unused crystals, it appears that reusing the alumina 
crystals decreases the strength of the alumina bicrystals. 
Additional (0001) and (1120) bicrystals were produced from new 
crystals using Glass H (30% P205 ) as the bonding agent. These samples were 
cured under 	100 gram loads and fired at 1500°F. 	Their tensile strengths 
are listed in table 3. These results indicate that both (1120) and (0001) 
bicrystals bonded with Glass H are weaker than the same type of bicrystals 
bonded with NaH2PO4•1120. 
Examination of the fracture faces of the above samples suggested 
that the loads applied during curing may not have been uniformly distri-
buted over the bond area. An attempt was made to improve the load dis-
tribution by curing ten samples at one time with the load being applied 
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Table 3. - Tensile strength of alumina bicrystals bonded with glass .H 









H-1 100 (1170) 16.2 
H-2 100 (1170) 20.7 
H-3 100 (1120) 26.6 
H-4 100 (1170 17.7 
H-5 100 (1170) 20.7 
H-6 100 (1170) 20.7 
)7; = 20.4 
s 	= 3.6 
G-2 100 (0001) 43.9 
G-3 100 (0001) 34.0 
G-5 100 (0001) 29.2 
G-6 100 (0001) 17.2 
x = 	31.1 
s 	= 	11.1 
52 
to the samples by a rigid one or two kilogram plate which rested on all 
ten specimens. These samples were cured at room temperature for 24 hours 
and then fired at 1500°F for 4 hours. Sodium dihydrogen phosphate and 
Glass H which contained 30% P205 were used as the bonding agents. 
The tensile strengths of these samples are listed in table 4. 	The 
samples whose condition is described as "polished" are used samples that 
were prepared in the same manner as the "used" samples in table 2, except 
the coarse grinding was done on 150 and 45 pill diamond wheels. The ef-
fects of crystal condition and the bicrystal faces bonded are shown in 
figure 23. Figure 24 shows the effect of bonding agent, curing load, and 
bicrystal faces bonded. 
Examination of the fracture faces of these samples indicated that 
the distributed loading technique produced even greater nonuniformity of 
bond thickness. Because of this, analysis of variance calculations 
were not made. However, examination of the results suggests that the 
polishing of used samples does not produce as good a bonding surface as 
that present on the unused single crystals (fig. 23). In addition, it 
appears that decreasing the bond thickness (increasing the curing load) 
may decrease the bond strength of bicrystals bonded with Glass H (fig. 
24). Since the uniformity of bond thicknesses of these samples was 
worse than those which were individually loaded during the curing cycle, 
the individual load method was used throughout the rest of this investi-
gation. 
The effect of curing time was investigated by preparing two sets of bi-
crystals cured at room temperature for 24 and 3 hours respectively. A 100 gm 
load was applied during the curing cycle and the samples fired at 1500°F 
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Table 4. - Tensile strength of phosphate bonded alumina bicrystals 











NaH2PO4•1120 100 (1120) New 40.8 
NaH2PO4•H20 100 (1120) New 31.3 
NaH2PO4•H20 100 (1120) New 33.0 
NaH2PO4•H20 100 (1120) New 104.9 
NaH2PO4•H20 100 (1120) New 64.5 
T= 	54.9 
s = 30.9 
NaH2PO4•H20 100 (1120) Polished 8.1 
NaH2P0•20 100 (1120) Polished 6.5 
NaH2PO4•H20 100 (1120) Polished 9.7 
NaH2PO4•H20 100 (1120) Polished 8.1 
NaH2PO4.H20 100 (1120) Polished 8.1 
-i = 	8.1 
s 	= 1.1 
NaH2PO4•1120 100 (0001) New 104.9 
NaH2PO4•H20 100 (0001) New 59.5 
NaH2PO4•1120 100 (0001) New 15.6 
NaH2PO4•H20 100 (0001) New 46.1 
NaH2PO4•1120 100 (0001) New 37.5 
i = 	52.7 
s = 	33.2 
NaH2PO4•H20 100 (0001) Polished 31.3 
NaH2PO4•H20 100 (0001) Polished 28.6 
NaH2PO4•1-120 100 (0001) Polished 54.8 
NaH2PO4•1120 100 (0001) Polished 31.3 
NaH2PO4•1120 100 (0001) Polished 31.3 _ 
x = 	35.5 
s = 10.8 
Glass H 100 (1120) New 61.4 
Glass H 100 (1120) New 89.7 
Glass H 100 (1120) New 52.2 
Glass H 100 (1120) New 20.7 
Glass H 100 (1120) New 115.6 
7= 	67.9 
s = 	36.2 
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Table 4. - Tensile strength of phosphate bonded alumina bicrystals 











Glass H 100 (0001) New 84.2 
Glass H 100 (0001) New 30.7 
Glass H 100 (0001) New 27.4 
Glass H 100 (0001) New 47.7 
Glass H 100 (0001) New 20.7 
)7= 	42.1 
s = 	25.5 
NaH2PO4•H20 200 (1120) New 63.0 
NaH2PO4•H20 200 (1120) New 96.9 
NaH2PO4•1-120 200 (1120) New 29.0 
NaH2PO4•20 200 (1120) New 43.6 
NaH2PO4•120 200 (1120) New 80.7 _ 
x = 	62.6 
s = 27.3 
NaH2PO4•1120 200 (0001) New 15.9 
NaH2PO4•1-120 200 (0001) New 31.3 
NaH2PO4•1120 200 (0001) New 22.6 
NaH2PO4•H20 200 (0001) New 83.0 
NaH2PO4•H20 200 (0001) New 43.8 
x = 	39.3 
s = 26.5 
Glass H 200 (1120) New 18.1 
Glass H 200 (1120) New 61.3 
Glass H 200 (1120) New 123.0 
Glass H 200 (1120) New 28.2 
Glass H 200 (1120) New 52.9 
x = 	56.7 
s = 41.0 
Glass H 200 (0001) New 28.2 
Glass H 200 (0001) New 33.3 
Glass H 200 (0001) New 17.7 
Glass H 200 (0001) New 48.5 
Glass H 200 (0001) New 15.5 
i = 	28.6 
s 	= 13.3 
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FIGURE 23. Average tensile strength factorial design (2 x 2) showing 
effect of crystal condition and bicrystal faces bonded with sodium di-
hydrogen phosphate (30% P 205 ) and cured under a load of 100 grams. 
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FIGURE 24. Average tensile strength factorial design (2 x 2 x 2) 
showing the effect of bonding agent, curing load and bicrystal faces 
bonded. 
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for 4 hours. The bonding agent used was sodium dihydrogen phosphate 
that had been diluted with water to reduce its P 205 content to 20%. 
The tensile strengths of these samples are listed in table 5. 
The strength of the (1120) bicrystals decreased when the curing 
time was reduced from 24 to 3 hours. On the other hand, it appears the 
longer curing time may cause the (0001) bicrystals to be weaker, pro-
vided they are handled very carefully until after they have been fired. 
Thus, it appears that it takes longer for the aluminum required to form 
the bond to go into solution from the (1170) faces than it does from the 
(0001) faces. This may be due to the fact that the (0001) face has a 
higher aluminum packing factor than the (1120) face. The reason for the de-
crease in strength of the (0001) bicrystals with increasing curing time 
is unknown. However, one possibility is that after 3 hours curing, the 
bonding phase produces Al(PO 4 ) 3 when it is fired and that after 24 hours 
curing the bonding phase produces A1PO4 when it is fired. These results 
also tend to confirm the fact that a stronger bond is formed between 
(1120) faces than (0001) faces when sodium dihydrogen phosphate is used 
as the bonding agent (see table 2). 
In a further attempt to develop a method of reusing the alumina 
crystals, two additional sets of samples were prepared. Both were bonded 
with sodium dihydrogen phosphate and cured 24 hours under a 100 gram load 
at room temperature. The first set was produced by cutting a used crys-
tal in half on a Buehler Limited Isomet Low Speed Saw using a Lunzer 
Industrial Diamond 4 x 0.012 x 1/2" blade. The two halves were then 
bonded together without any further finishing treatment. The second 
set was prepared from used crystals that were polished on 180, 240, 320 
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Table 5. — Effect of curing time on the tensile strength of sodium 







24 (1120) 50.1 
24 (1120) 134.0 
24 (1120) 158.4 
24 (1120) 161.4 
24 (1120) 150.2 
x= 130.8 
s = 	46.3 
24 (0001) 24.2 
24 (0001) 51.7 
24 (0001) 62.9 
24 (0001) 35.5 
x = 	43.6 
s 	= 17.1 
3 (1120) 67.5 
3 (1120) 33.8 
3 (1120) 51.7 
3 (1120) 51.7 
3 (1120) 50.8 
i = 	51.1 
s 	= 11.9 
3 (0001) 0* 
3 (0001) 0* 
3 (0001) 0* 
3 (0001) 116.7 
3 (0001) 95.3 
x = 	106.0 
*Failed during handling, before firing. 
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and 600 grit SiC papers. The tensile strengths of these samples are 
listed in table 6. 
Comparison of these results with those in table 5 clearly indicates 
the importance of surface finish on the bicrystal tensile strength. For 
both the (1170) and (0001) bicrystals, the tensile strength increases 
(table 7) 	as the surface finish is improved (diamond sawed -4- polished -> 
new). It should also be noted that the (1120) bicrystals were stronger 
than the (0001) bicrystals for equivalent surface finish 	(table 7) 
when NaH2PO4•1120 (20% P205) was used as the bonding agent. 
A series of bicrystals were made to investigate the effect of ro-
tational mismatch on the strength of (1120) bicrystals. These bicrystals 
were bonded with sodium dihydrogen phosphate (20% P205) and cured under a 
100 gram load for 24 hours at room temperature. After curing, they were 
fired at 1500°F for 4 hours. The alignment jig used produced bicrystals 
whose mismatch angle was within + 2°. The tensile strengths of these bi-
crystals are listed in table 8. 	Th?,/ used-polished samples were pre- 
pared using the polishing technique described above. 	The results 
are also shown graphically in figure 25. 
These results indicate that the tensile strength decreases as the 
rotational angle is increased from 0 to 90° and then increases back to 
approximately its original level as the angle of rotation is further 
increased from 90 to 180°. 
Since the load per unit area during the curing cycle varied by a 
factor of two as the amount of rotation was varied, an experiment was 
carried out to determine if the low strength of the intermediate samples 
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Table 6. - Effect of surface finish on the tensile strength of alumina 







(1120) Diamond Sawed 56.2 
(1120) Diamond Sawed 40.9 
(1120) Diamond Sawed 56.2 
(1120) Diamond Sawed 8.4 
(1120) Diamond Sawed 60.2 
(1120) Diamond Sawed 55.3 
)7= 	46.2 
s = 	19.7 
(0001) Diamond Sawed 21.4 
(0001) Diamond Sawed 18.4 
(0001) Diamond Sawed 17.0 
(0001) Diamond Sawed 18.0 
(0001) Diamond Sawed 17.1 
(0001) Diamond Sawed 18.0 
(0001) Diamond Sawed 21.4 
(0001) Diamond Sawed 19.4 
x = 	18.8 
s = 1.7 
(1120) Polished 48.5 
(1120) Polished 64.5 
(1120) Polished 23.8 
(1120) Polished 88.6 
(1120) Polished 80.9 
(1120) Polished 67.3 
(1120) Polished 41.3 
x = 	59.3 
5 = 	22.8 
(0001) Polished 22.1 
(0001) Polished 56.5 
(0001) Polished 83.9 
(0001) Polished 17.7 
(0001) Polished 47.9 
(0001) Polished 11.0 
T = 	39.9 
s = 28.0 
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Table 7. — Effect of surface finish and crystal faces bonded on the 
average tensile strength of bicrystals bonded with sodium dihydrogen 
phosphate (20% P205 ). 
Surface 
Average tensile strength (kgf/cm 2 ) 
finish Crystal faces bonded 
(1170) 	(0001) 
Diamond Sawed 46.2 18.8 
Polished 59.3 39.3 
As-Received 130.8 43.6 
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Table 8. - Effect of rotational mismatch on the tensile strength of (1120) 
alumina bicrystals bonded with sodium dihydroaen phosphate (20% P 205 ). 
Rotational 
mismatch 




















































51.0 164.7 164.4 117.3 
- - - 50.7 
35.5 63.1 - 67.8 
- - - 75.7 
- - - 60.1 
7.7 16.6 - 47.5 
- - - 3.6 
2.2 1.8 - 0* 
1.8 0* - - 
0* 0* - - 
0* 0* - - 
0* - - - 
0* - - - 
0* - - - 
1.8 - - - 
36.9 - - - 
113.9 84.1 96.7 - 
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FIGURE 25. Effect of rotational mismatch on the tensile strength of 
(1120) alumina bicrystals. 
200 
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(45 ° - 135°) was related to the load during curing. Three 90° samples 
were prepared as before with loads of 100, 64, 50 grams, respectively. 
None of these bicrystals were strong enough to be tested. 
Thus, it appears that the strength pattern observed in figure 25 
is the result of the two-fold symmetry of the (1120) face. At this 
time, it is not clear whether the difference in thermal expansion with 
direction or bond misalignment is the cause of tensile strength minimum 
observed for the 90° rotational mismatch bicrystals. 
The effect of a combination of both rotational and tilt mismatch was 
investigated by bonding the (1120) and (0001) faces of alumina crystals 
together with sodium dihydrogen phosphate (20% P205 ) to form a bicrystal. 
Standard (1170) and (0001) bicrystals were also prepared for comparison 
purposes. The crystals utilized for this experiment were used crystals 
that were repolished as described above. Each bicrystal was cured under 
a 100 gram load for 24 hours and then fired at 1500°F for 4 hours. The 
tensile strengths of these bicrystals are listed in table 9. 
The relatively high strengths of the (1120) and (0001) bicrystals 
suggests that the crystals used for this experiment had a good surface 
finish. The combination of rotational and tilt mismatch in the (1120) 
(0001) bicrystals reduced their strength to almost zero. Again, it is 
not know whether this decrease in strength was caused by differences 
in thermal expansion with direction or variations in ion density (bond 
misalignment). 
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Table 9. - Effect of rotational and tilt mismatch on the tensile strength 
of alumina bicrystals bonded with sodium dihydrogen phosphate (20% P205 ). 











i = 105.1 



















i = 2.7 
s = 6.6 
*Too weak to be tested. 
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CONCLUSIONS 
When phosphoric acid is reacted with alumina single crystals 
(room temperature curing followed by firing at 1500°F) the morphology 
of the reaction products are related to the index of the crystal face. 
Star-shaped dendritic crystals of Al(PO4 ) 3 and A1PO4 only formed on the 
surface of low index relatively dense packed faces such as (0001), 
(1-100) and (1120). The crystals formed on the surfaces of alumina 
single crystal faces that did not correspond to a low index plane and 
those formed on fine grained polycrystalline alumina cutting tools were 
roughly equiaxed. When phosphoric acid was reacted with the (0001) face 
of quartz at 1500°F, the reaction products appeared to be plate-like 
crystals. However, the reaction products formed when phosphoric acid 
was reacted with fused silica under the same conditions had an amorphous 
looking spherical morphology. The surface of the fused silica samples 
appeared to have been attached more severely than either the quartz or 
alumina samples. 
These results support the conclusions that the morphology of the 
reaction products produced when phosphoric acid is reacted with the 
surface of oxide samples is controlled by the crystallinity of the 
sample. If the sample is a single crystal, the reaction product mor-
phology is related to the atomic density of the crystal face with which 
the phosphoric acid reacted. Fine grained polycrystalline samples and 
single crystal faces with low atomic densities tend to produce similar 
reaction product morphologies. 
The strength of (1120) alumina bicrystals bonded with sodium di-
hydrogen phosphate increased when the room temperature curing time was 
67 
increased from 3 to 24 hours. On the other hand, longer curing time 
caused the strength of (0001) alumina bicrystals to decrease. This sug-
gests that it takes longer for the aluminum required to form the bond 
to go into solution from the (1120) faces than it does from the (0001) 
faces. There is also evidence that the bonding phase present in the 
(0001) bicrystals may change from Al(PO 4 ) 3 to A1PO4 as the curing time 
is increased. 





H2O increased as the surface finish of the single crystal 
faces was improved. The tensile strnegth of (1120) alumina bicrystals 
bonded with sodium hydrogen phosphate or Glass H are greater than for 
(0001) bicrystals produced under the same conditions from crystals with 
equivalent surface finishes. 
The tensile strength of (1120) alumina bicrystals bonded with NaH 2PO4 • 
H2O varies with the amount of rotational mismatch between the crystals. 
The tensile strength decreased as the rotational mismatch was increased 
from 0 to 90° and then increased back to approximately its original level 
when the mismatch angle was increased from 90 to 180°. It appears that 
this strength pattern is related to the two fold symmetry of the (112-0) faces. 
The combination of both rotational and tilt mismatch reduced the tensile 
strength of (1120) (0001) bycrystals to almost zero. The strength decreases 
associated with these types of bicrystal mismatches could be related to 
differences in thermal expansion with direction or bond misalignment. 
The production of strong phosphate bonded bicrystals requires a good 
surface finish on the crystal faces being bonded. The load applied during 
room temperature curing must also be evenly distributed over the bond area 
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so the bond thickness will be uniform. In addition, in order to obtain 
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